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Preface to the seventh edition 


The science of animal nutrition continues to advance and this has necessitated, to 
varying degrees, the updating of most chapters. In particular the new developments 
in dairy cow nutrition in the Feed into Milk System and the new nutrient require- 
ments of pigs proposed by the British Society of Animal Science have been incor- 
porated in the middle chapters and the Appendix tables. In addition new 
information, published in recent reviews of nutrient requirements by the National 
Research Council of the United States, and the Commonwealth Scientific and In- 
dustrial Research Organisation of Australia has been included. 

The emphasis of research has shifted during the lifetime of the seven editions of 
this book from mainly outcomes and the effects of nutrition on the whole animal in 
the earlier editions to mechanisms, both at a tissue and organ level and increasingly 
at a molecular level. The authors are mindful of the need to extend the text in this di- 
rection and have included reference to developments in this area. 

For this edition Alun Edwards decided he would step down and we wish him well. 
The two remaining authors felt that, in view of the extent of revision required to incor- 
porate the new information, new authors would be required to replace Peter McDonald 
and Alun Edwards. Therefore, Liam Sinclair and Robert Wilkinson, Professor of 
Animal Science and Principal Lecturer in Ruminant Nutrition, respectively, of Harper 
Adams University College were invited to join the team. These new authors con- 
tribute a broad knowledge of animal nutrition and will ensure that the book can go 
to further editions. 

In this edition we have attempted to address comments and suggestions made by 
reviewers in order to improve the book. The subject matter is constantly changing 
and the authors welcome comments and feedback from readers so that the book can 
remain relevant and useful. 

Reviewing the book involved many discussions with colleagues and the authors 
are grateful for their constructive comments, suggestions and support. 


CA Morgan, J F D Greenhalgh, LA Sinclair and R G Wilkinson 
August 2010 
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PART 1 


The components of foods 


This part describes the chemistry of foods and the components that supply nutrients to 
the animal. 


Chapter 1 is concerned with the analysis of foods, from the early chemical analysis developed 
in the 1800s to categorise chemical and nutrient groups, through to the sophisticated physical 
and chemical methods used today to identify individual molecular components. 


Chapters 2, 3 and 4 describe the major components of foods that supply energy and amino 
acids, i.e. the carbohydrates and lipids, and the proteins. 


Chapters 5 and 6 give details of the nutrients required in smaller amounts, the vitamins and 
minerals which, nevertheless, are essential for the normal functions of the body and efficient 
animal production. 


The animal and its food 


1.1 Water 
1.2 Dry matter and its components 
1.3 Analysis and characterisation of foods 


Food is material that, after ingestion by animals, is capable of being digested, absorbed 
and utilised. In a more general sense we use the term ‘food’ to describe edible material. 
Grass and hay, for example, are described as foods, but not all their components are 
digestible. Where the term ‘food’ is used in the general sense, as in this book, those 
components capable of being utilised by animals are described as nutrients. 

The animals associated with humans cover the spectrum from herbivores, the plant 
eaters (ruminants, horses and small animals such as rabbits and guinea pigs); through om- 
nivores, which eat all types of food (pigs and poultry); to carnivores, which eat chiefly meat 
(dogs and cats). Under the control of humans these major classes of animal still pertain, but 
the range of foods that animals are now offered is far greater than they might normally 
consume in the wild (for example, ruminants are given plant by-products of various human 
food industries and some dog foods contain appreciable amounts of cereals). Nevertheless, 
plants and plant products form the major source of nutrients in animal nutrition. 

The diet of farm animals in particular consists of plants and plant products, although 
some foods of animal origin such as fishmeal and milk are used in limited amounts. 
Animals depend upon plants for their existence and consequently a study of animal 
nutrition must necessarily begin with the plant itself. 

Plants are able to synthesise complex materials from simple substances such as carbon 
dioxide from the air, and water and inorganic elements from the soil. By means of photo- 
synthesis, energy from sunlight is trapped and used in these synthetic processes. The 
greater part of the energy, however, is stored as chemical energy within the plant itself and 
it is this energy that is used by the animal for the maintenance of life and synthesis of its 
own body tissues. Plants and animals contain similar types of chemical substances, and we 
can group these into classes according to constitution, properties and function. The main 
components of foods, plants and animals are: 


Carbohydrates 
Lipids 

Proteins 

Food Organic Nucleic acids 
Organic acids 
Vitamins 


Water 


Dry matter 
Inorganic Minerals 
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1.1 


WATER 


The water content of the animal body varies with age. The newborn animal contains 
750-800 g/kg water but this falls to about 500 g/kg in the mature fat animal. It is 
vital to the life of the organism that the water content of the body be maintained: an 
animal will die more rapidly if deprived of water than if deprived of food. Water 
functions in the body as a solvent in which nutrients are transported about the body 
and in which waste products are excreted. Many of the chemical reactions brought 
about by enzymes take place in solution and involve hydrolysis. Because of the high 
specific heat of water, large changes in heat production can take place within the 
animal with very little alteration in body temperature. Water also has a high latent 
heat of evaporation, and its evaporation from the lungs and skin gives it a further 
role in the regulation of body temperature. 

The animal obtains its water from three sources: drinking water, water present in its 
food, and metabolic water, this last being formed during metabolism by the oxidation of 
hydrogen-containing organic nutrients. The water content of foods is variable and can 
range from as little as 60 g/kg in concentrates to over 900 g/kg in some root crops. Be- 
cause of this great variation in water content, the composition of foods is often ex- 
pressed on a dry matter basis, which allows a more valid comparison of nutrient content. 
This is illustrated in Table 1.1, which lists a few examples of plant and animal products. 

The water content of growing plants is related to the stage of growth, being greater 
in younger plants than in older plants. In temperate climates the acquisition of drink- 
ing water is not usually a problem and animals are provided with a continuous supply. 
There is no evidence that under normal conditions an excess of drinking water is 
harmful, and animals normally drink what they require. 


Table 1.1 Composition of some plant and animal products expressed on a fresh 
basis and a dry matter basis 


Water Carbohydrate Lipid Protein Ash 
Fresh basis (g/kg) 
Turnips 910 70 2 11 7 
Grass (young) 800 137 8 35 20 
Barley grain 140 730 15 93 22 
Groundnuts 60 201 449 268 22 
Dairy cow 570 2 206 172 50 
Milk 876 47 36 33 8 
Muscle 720 6 44 215 15 
Egg 667 8 100 118 107 
Dry matter basis (g/kg) 
Turnips 0 778 22 122 78 
Grass (young) 0 685 40 175 100 
Barley grain 0 849 17 108 26 
Groundnuts 0 214 478 285 23 
Dairy cow 0 5 479 400 116 
Milk 0 379 290 266 65 
Muscle 0 21 157 768 54 
Egg 0 24 300 355 321 


1.2 


1.3 
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DRY MATTER AND ITS COMPONENTS 


The dry matter (DM) of foods is conveniently divided into organic and inorganic ma- 
terial, although in living organisms there is no such sharp distinction. Many organic 
compounds contain mineral elements as structural components. Proteins, for ex- 
ample, contain sulphur, and many lipids and carbohydrates contain phosphorus. 

It can be seen from Table 1.1 that the main component of the DM of pasture grass 
is carbohydrate, and this is true of all plants and many seeds. The oilseeds, such as 
groundnuts, are exceptional in containing large amounts of protein and lipid mater- 
ial. In contrast, the carbohydrate content of the animal body is very low. One of the 
main reasons for the difference between plants and animals is that, whereas the cell 
walls of plants consist of carbohydrate material, mainly cellulose, the walls of animal 
cells are composed almost entirely of lipid and protein. Furthermore, plants store 
energy largely in the form of carbohydrates such as starch and fructans, whereas an 
animal’s main energy store is in the form of lipid. 

The lipid content of the animal body is variable and is related to age, the older ani- 
mal containing a much greater proportion than the young animal. The lipid content of 
living plants is relatively low, that of pasture grass, for example, being 40-50 g/kg DM. 

In both plants and animals, proteins are the major nitrogen-containing com- 
pounds. In plants, in which most of the protein is present as enzymes, the concentra- 
tion is high in the young growing plant and falls as the plant matures. In animals, 
muscle, skin, hair, feathers, wool and nails consist mainly of protein. 

Like proteins, nucleic acids are also nitrogen-containing compounds and they 
play a basic role in the synthesis of proteins in all living organisms. They also carry 
the genetic information of the living cell. 

The organic acids that occur in plants and animals include citric, malic, fumaric, 
succinic and pyruvic acids. Although these are normally present in small quantities, 
they nevertheless play an important role as intermediates in the general metabolism 
of the cell. Other organic acids occur as fermentation products in the rumen, or in 
silage, and these include acetic, propionic, butyric and lactic acids. 

Vitamins are present in plants and animals in minute amounts, and many of them 
are important as components of enzyme systems. An important difference between 
plants and animals is that, whereas the former can synthesise all the vitamins they 
require for metabolism, animals cannot, or have very limited powers of synthesis, 
and are dependent upon an external supply. 

The inorganic matter contains all those elements present in plants and animals 
other than carbon, hydrogen, oxygen and nitrogen. Calcium and phosphorus are the 
major inorganic components of animals, whereas potassium and silicon are the main 
inorganic elements in plants. 


ANALYSIS AND CHARACTERISATION OF FOODS 


Originally the most extensive information about the composition of foods was based 
on a system of analysis described as the proximate analysis of foods, which was 
devised over 100 years ago by two German scientists, Henneberg and Stohmann. 
More recently, new analytical techniques have been introduced, and the information 
about food composition is rapidly expanding (see below). However, the system of 
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proximate analysis still forms the basis for the statutory declaration of the composi- 
tion of foods in Europe. 


Proximate analysis of foods 


This system of analysis divides the food into six fractions: moisture, ash, crude pro- 
tein, ether extract, crude fibre and nitrogen-free extractives. 

The moisture content is determined as the loss in weight that results from drying a 
known weight of food to constant weight at 100 °C.This method is satisfactory for most 
foods, but with a few, such as silage, significant losses of volatile material (short-chain 
fatty acids and alcohols) may take place. Therefore, for silages, the moisture content can 
be determined directly by distilling the water from the sample under toluene. The distil- 
late is measured and corrected for the presence of fermentation acids and alcohols. 

The ash content is determined by ignition of a known weight of the food at 550 °C 
until all carbon has been removed. The residue is the ash and is taken to represent 
the inorganic constituents of the food. The major component of ash is silica but ash 
may, however, contain material of organic origin such as sulphur and phosphorus 
from proteins, and some loss of volatile material in the form of sodium, chloride, 
potassium, phosphorus and sulphur will take place during ignition.The ash content 
is thus not truly representative of the inorganic material in the food either qualita- 
tively or quantitatively. Animals do not have a requirement for ash per se but re- 
quire the individual mineral elements that it contains and are determined by 
methods such as atomic absorption spectrometry (see p. 12). 

The crude protein (CP) content is calculated from the nitrogen content of the food, 
determined by a modification of a technique originally devised by Kjeldahl over 
100 years ago. In this method the food is digested with sulphuric acid, which converts 
to ammonia all nitrogen present except that in the form of nitrate and nitrite. This 
ammonia is liberated by adding sodium hydroxide to the digest, distilled off and 
collected in standard acid, the quantity so collected being determined by titration or 
by an automated colorimetric method. It is assumed that the nitrogen is derived from 
protein containing 16 per cent nitrogen, and by multiplying the nitrogen figure by 6.25 
(i.e. 100/16) an approximate protein value is obtained. This is not ‘true protein’ since 
the method determines nitrogen from sources other than protein, such as free amino 
acids, amines and nucleic acids, and the fraction is therefore designated crude protein. 

The ether extract (EE) fraction is determined by subjecting the food to a continu- 
ous extraction with petroleum ether for a defined period. The residue, after evapora- 
tion of the solvent, is the ether extract. As well as lipids it contains organic acids, 
alcohol and pigments. This procedure is referred to as method A. In the current official 
method, the extraction with ether is preceded by hydrolysis of the sample with sul- 
phuric acid and the resultant residue is the acid ether extract (method B). 

The carbohydrate of the food is contained in two fractions, the crude fibre (CF) 
and the nitrogen-free extractives (NFE).The former is determined by subjecting the 
residual food from ether extraction to successive treatments with boiling acid and 
alkali of defined concentration; the organic residue is the crude fibre. 

When the sum of the amounts of moisture, ash, crude protein, ether extract and 
crude fibre (expressed in g/kg) is subtracted from 1000, the difference is designated the 
nitrogen-free extractives. The nitrogen-free extractives fraction is a heterogeneous mix- 
ture of all those components not determined in the other fractions. The crude fibre 
fraction contains cellulose, lignin and hemicelluloses, but not necessarily the whole 
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amounts of these that are present in the food: a variable proportion of the cell wall 
material, depending upon the species and stage of growth of the plant material, is 
dissolved during the crude fibre extraction and thus is contained in the nitrogen-free 
extractives. This leads to an underestimation of the fibre and an overestimation of 
the starch and sugars. Thus the nitrogen-free extractive fraction includes starch, 
sugars, fructans, pectins, organic acids and pigments, in addition to those components 
mentioned above. 


Modern analytical methods 


In recent years the proximate analysis procedure has been severely criticised by 
many nutritionists as being archaic and imprecise, and in the majority of laboratories 
it has been partially replaced by other analytical procedures. Most criticism has been 
focused on the crude fibre, ash and nitrogen-free extractives fractions for the reasons 
described above. The newer methods have been developed to characterise foods in 
terms of the methods used to express nutrient requirements. In this way, an attempt 
is made to use the analytical techniques to quantify the potential supply of nutrients 
from the food. For example, for ruminants, analytical methods are being developed 
that describe the supply of nutrients for the rumen microbes and the host digestive 
enzyme system (Fig. 1.1). 


Food measurements Rumen parameters Absorbed nutrients 


Total N 
NF N solubility 
DUP AA 
N degradability UDN =] 
San ERIN œ| Microbial | MP 
amino 
= acids 
WSC and pectins 
Starch - Rate | y aera 
PFF Extent 
| VFA 
Cell walls — Rate =| —J ; f 
Extent Y Microbial 
fatty acids 
ME 
VFA LCFA 
NFF Lactate Non-fermentable VFA 
Lipid RPAN Glucose 


Fig. 1.1 Proposed model for characterisation of foods for ruminants. 


AA = amino acids, ADIN = acid detergent insoluble nitrogen, DUP = digestible undegradable 
protein, ERDN = effective rumen degradable nitrogen, LCFA = long-chain fatty acids, 

ME = metabolisable energy, MP = metabolisable protein, N = nitrogen, NF = nitrogen fraction, 
NFF = non-fermentable fraction, PFF = potentially fermentable fraction, UDN = undegradable 
nitrogen, VFA = volatile fatty acids, WSC = water-soluble carbohydrates. 


From Agricultural and Food Research Council 1998 Technical Committee on Responses to Nutrients, report 
no. 11, Wallingford, CABI. 
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Starch and sugars 


Inadequacies in the nitrogen-free extractives fraction have been addressed by the 
development of methods to quantify the non-structural carbohydrates, which are 
mainly starches and sugars. Sugars can be determined colorimetrically after combi- 
nation with a reagent such as anthrone. Starch is determined by dilute acid hydrol- 
ysis of the sample followed by polarimetric determination of the released sugars. 
This gives a figure for total sugars (i.e. those originating from the hydrolysed starch 
plus the simple sugars in the food). Sugars per se are determined by extracting the 
sample with ethanol, acidifying the filtrate and taking a second polarimeter read- 
ing. The starch content is calculated from the difference between the two readings 
multiplied by a known factor for the starch source. Starch can also be determined 
enzymically. For example, in cereals starch is converted to glucose using a-amylase 
followed by amyloglucosidase and then the glucose is measured using the glucose 
oxidase-peroxidase reagent. 


Fibre 


Alternative procedures for fibre have been developed by Van Soest (Table 1.2). The 
neutral-detergent fibre (NDF), which is the residue after extraction with boiling neu- 
tral solutions of sodium lauryl sulphate and ethylenediamine tetraacetic acid (EDTA), 
consists mainly of lignin, cellulose and hemicellulose and can be regarded as a meas- 
ure of the plant cell wall material. The analytical method for determining NDF was 
originally devised for forages, but it can also be used for starch-containing foods pro- 
vided that an amylase treatment is included in the procedure. By analogy with the 
nitrogen-free extractives fraction discussed above, the term non-structural carbohy- 
drate (NSC) is sometimes used for the fraction obtained by subtracting the sum of 
the amounts (g/kg) of CP, EE, ash and NDF from 1000. 

The acid-detergent fibre (ADF) is the residue after refluxing with 0.5 M sulphuric 
acid and cetyltrimethyl-ammonium bromide, and represents the crude lignin and 
cellulose fractions of plant material but also includes silica. 


Table 1.2 Classification of forage fractions using the detergent methods of 


Van Soest 
Fraction Components 
Cell contents (soluble in neutral detergent) Lipids 


Sugars, organic acids and 
water-soluble matter 
Pectin, starch 
Non-protein nitrogen 
Soluble protein 
Cell wall constituents (fibre insoluble 
in neutral detergent) 

Soluble in acid detergent Hemicelluloses 
Fibre-bound protein 

Acid-detergent fibre Cellulose 
Lignin 
Lignified nitrogen 
Silica 


After Van Soest P J 1967 Journal of Animal Science 26: 119. 
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The determination of ADF is particularly useful for forages as there is a good sta- 
tistical correlation between it and the extent to which the food is digested (digestibil- 
ity). In the UK the ADF method has been modified slightly, the duration of boiling 
and acid strength being increased. The term modified acid-detergent fibre (MADF) is 
used to describe this determination. 

The acid-detergent lignin determination involves the preparation of acid- 
detergent fibre as the preparatory step. The ADF is treated with 72 per cent sul- 
phuric acid, which dissolves cellulose. Ashing the residue determines crude lignin, 
including cutin. 

The Van Soest methods of fibre analysis are used in the system of food analysis 
for ruminants developed at Cornell University (see Box 1.1). 

In monogastric, and particularly human, nutrition the term dietary fibre is often 
used and attention has been focused on its importance in relation to health. Dietary 
fibre (DF) was defined as lignin plus those polysaccharides that cannot be digested 
by monogastric endogenous enzymes. Initially epidemiological studies linked a lack 
of DF to constipation, gut and bowel disorders, cardiovascular disease and type 2 
diabetes; however, the causes of such diseases are multifactorial and in some cases 
it is not just DF per se that has the beneficial effects but other aspects of the diet 
also (e.g. antioxidants). Nevertheless, DF is a major component related to health in 
humans and it has equally important effects in animals (see below). 

The definition of DF has proved difficult, with definitions ranging through 
physiological/botanical (derived from cell walls of plants, which are poorly digested); 
chemical/botanical (non-starch polysaccharides (NSP) of plant cell walls); chemi- 
cal (NSP and lignin); and nutritional/physiological (NSP not digested in the small 
intestine). The common features of DF definitions are carbohydrates (polysaccha- 
rides, oligosaccharides and lignin) resistant to digestion in the small intestine but 
that may be fermented in the large intestine and promote beneficial physiologi- 
cal effects. By virtue of its definition, DF is difficult to determine in the labora- 
tory. The NSP in most foods, along with lignin, are considered to represent the 
major components of cell walls. Methods for measurement of NSP fall into two 


BOX 1.1 The Cornell net carbohydrate and protein system 


The fractionation of the carbohydrates by analysis is currently most fully developed in the Cornell 
net carbohydrate and protein system for ruminant diets. This is based on the Van Soest analytical sys- 
tem, with the addition of other standard techniques, to derive the following fractions in foods: 


1. Total carbohydrate = 100 — (crude protein + fat + ash) 

2. Non-structural carbohydrate (NSC) = 100 — (crude protein + fat + (NDF — NDF protein) + ash) 
3. Sugar as a proportion of NSC 

4. Starch, pectin, glucans, volatile fatty acids = NSC — sugar 

5. Lignin 


The carbohydrates are then classified according to their degradation rate by rumen microbes: frac- 
tion A — fast (comprising the sugars), fraction B1 — intermediate (starch, pectin, 8-glucans), fraction 
B2 — slow (available cell wall material represented by lignin-free NDF) and fraction C — indigestible 
(unavailable cell wall in the form of lignin). 
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categories (with slight variations in the second category, depending on the re- 
search laboratory): 


Enzymic-gravimetric methods, which measure a variety of components and give 
no details of polysaccharide type. In the method of the Association of Official An- 
alytical Chemists for total dietary fibre, samples are gelatinised by heating and 
treated with enzymes to remove starch and proteins. The total dietary fibre is pre- 
cipitated with ethanol and the residue is dried and weighed. 
Enzymic-chromatographic methods, which identify the individual carbohy- 
drates in the dietary NSP. The Englyst method can be used to determine total, 
soluble and insoluble dietary fibre. Measurement of NSP by this method in- 
volves removal of starch with the enzymes pullulanase and a-amylase. After 
precipitation with ethanol, the NSP residue is then hydrolysed with 12 M sul- 
phuric acid. The individual monomeric neutral sugar constituents are deter- 
mined by gas-liquid chromatography (see below) with separate determination 
of uronic acids. Alternatively, the total sugars are determined colorimetrically 
after reaction with dinitrosalicylate solution. Total NSP and insoluble NSP are 
determined directly by analysis of separate subsamples and the soluble NSP are 
calculated by difference. The major constituents of NSP are rhamnose, arabi- 
nose, xylose, glucose, galactose, mannose and glucuronic and galacturonic acids. 
Cellulose is the major source of glucose, and hemicellulose provides xylose, 
mannans and galactose. The degradation of pectins releases arabinose, galactose 
and uronic acids. Following the adoption of methods to determine NSP, it be- 
came apparent that non-digestible oligosaccharides and resistant starch also 
contributed to DF based on their physiological behaviour. In recognition of this, 
enzymic procedures have been developed to determine these components. A 
comparison of the dietary fibre contents for a range of food types is given in 
Table 1.3. 


In recent years attention has focused on the importance of both the soluble and 
insoluble forms of fibrous material in the human diet. Water-soluble NSP is known to 
lower serum cholesterol, and insoluble NSP increases faecal bulk and speeds up the 
rate of colonic transit. This last effect is thought to be beneficial in preventing a num- 
ber of diseases, including cancer of the bowel. 

The NSP of foods may be degraded in the gut of pigs by microbial fermentation, 
yielding volatile fatty acids, which are absorbed and contribute to the energy sup- 
ply. A further benefit relates to the volatile fatty acid butyric acid, which is reported 
to be an important source of energy for the growth of cells in the epithelium of the 
colon; thus, the presence of this acid will promote development of the cells and en- 
hance absorption. The extent of degradation depends on the conformation of the 
polymers and their structural association with non-carbohydrate components, such 
as lignin. In addition, the physical properties of the NSP, such as water-holding ca- 
pacity and ion exchange properties, can influence the extent of fermentation. The 
gel-forming NSPs, such as B-glucan, reduce the absorption of other nutrients from 
the small intestine and depress digestibility and adversely affect faecal consistency 
in pigs and poultry. On a positive note, the water-holding properties lead to benefi- 
cial effects on the behaviour of pregnant sows by increasing time spent eating and 
resting owing to increased gut fill and by reducing inappropriate behaviour, such as 
bar chewing. 
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Minerals 


A simple ash determination provides very little information about the exact mineral 
make-up of the food and, when this is required, analytical techniques involving spec- 
troscopy are generally used. In atomic absorption spectroscopy, an acid solution of 
the sample is heated in a flame and the vaporised atoms absorb energy, which brings 
about transitions from the ground state to higher energy levels. The source of energy 
for this transition is a cathode lamp, containing the element to be determined, which 
emits radiation at a characteristic wavelength. The radiation absorbed by the atoms in 
the flame is proportional to the concentration of the element in the food sample. 

Flame emission spectroscopy measures the radiation from solutions of the sam- 
ple heated in air/acetylene or oxygen/acetylene flames. Each element emits radia- 
tion at specific wavelengths and there are published tables of flame emission spectra. 
Atomic absorption and flame emission spectrometry are being replaced by induc- 
tively coupled plasma emission spectroscopy, as this has a greater sensitivity for the 
relatively inert elements and can be used to determine several elements simultane- 
ously or sequentially. Energy from the inductively coupled plasma source is ab- 
sorbed by argon ions and elements to form a conducting gaseous mixture at 
temperatures up to 10 000 °C. The electromagnetic radiation emitted from atoms 
and ions within the plasma is then measured. Alternatively the ions can be separated 
and detected using a mass spectrometer. 

Just as with other nutrients, a measure of the concentration of the element alone 
is not sufficient to describe its usefulness to the animal. Attempts have been made to 
assess the availability of minerals using chemical methods, such as solubility in water 
or dilute acids, but these have had little success. At present animal experiments are 
the only reliable way to measure mineral availability (see Chapter 10). 


Amino acids, fatty acids and sugars 


As an alternative to the standard Kjeldahl method for the determination of nitrogen 
(crude protein) described above, the Dumas method is also now used. In this method 
the sample is combusted in pure oxygen; the products are carbon dioxide, water, ox- 
ides of nitrogen and nitrogen. The carbon dioxide and water are absorbed on 
columns and the oxides of nitrogen are converted to nitrogen with a column packed 
with copper; the resulting total nitrogen is determined in a thermal conductivity de- 
tector. This method, although expensive in equipment, is rapid and does not rely on 
hazardous chemicals. 

Knowledge of the crude protein content of a food is not a sufficient measure of its 
usefulness for non-ruminants. The amino acid composition of the protein is required 
in order to assess how a food can meet the essential amino acid requirements (see 
Chapter 4). Similarly, the total ether extract content does not give sufficient informa- 
tion on this fraction since it is important to know its fatty acid composition. In non- 
ruminants, this has large effects on the composition of body fat and, if soft fat is to be 
avoided, the level of unsaturated fatty acids in the diet must be controlled. In rumi- 
nants, a high proportion of unsaturates will depress fibre digestion in the rumen. 
When detailed information on the amino acid composition of protein, the fatty acid 
composition of fat or the individual sugars in NSP is required, then techniques in- 
volving chromatographic separation can be used. In gas-liquid chromatography, the 
stationary phase is a liquid held in a porous solid, usually a resin, and the mobile 
phase is a gas. Volatile substances partition between the liquid and the vapour and 
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can be effectively isolated. This form of chromatography is, however, usually a slow 
process; in order to speed up the separation procedure, high-performance liquid 
chromatography has been developed. In this technique, pressure is used to force a 
solution, containing the compounds to be separated, rapidly through the resin held 
in a strong metal column. In addition to speeding up the process, high resolution is 
also obtained. Gas-liquid chromatography and high-performance liquid chromatog- 
raphy can also be used for the determination of certain vitamins (e.g. A, E, Bg, K), 
but the measurement of available vitamins requires biological methods. 

An example of the application of high-performance liquid chromatography is 
seen with food proteins, which are hydrolysed with acid and the released amino 
acids are then determined using one of the following methods: 


Ion-exchange chromatography — by which the amino acids are separated on the 
column, and then mixed with a derivatisation agent, which reacts to give a com- 
plex that is detected by a spectrophotometer or fluorimeter. 

Reverse-phase chromatography — in which the amino acids react with the reagent 
to form fluorescent or ultraviolet-absorbing derivatives, which are then separated 
using a more polar mobile phase (e.g. acetate buffer with a gradient of acetonitrile) 
and a less polar stationary phase (e.g. octadecyl-bonded silica). The availability of 
amino acids to the animal can be estimated by chemical methods. For example, for 
lysine there are colorimetric methods that depend on the formation of compounds 
between lysine and dyes (see Chapter 13). 


Measurement of protein in foods for ruminants 


The new methods of expressing the protein requirements of ruminants (see 
Chapter 13) require more information than just the crude protein (nitrogen) content 
of the food. The unavailable nitrogen is measured as acid detergent insoluble nitro- 
gen. Information on the rate of degradation in the rumen of the available nitrogen is 
also required and this can be estimated by biological methods. In the Cornell net car- 
bohydrate and protein system, the neutral and acid detergent extractions of Van Soest, 
described above, are used in combination with extraction with a borate-phosphate 
buffer and trichloracetic acid solution to derive several protein fractions. These frac- 
tions describe the components that are degraded in the rumen or digested in the 
small intestine (see Chapter 13). 


Spectroscopy 


It is now common for laboratories to use near-infrared reflectance spectroscopy 
(NIRS) to estimate the composition of foods. The basis of this methodology lies in 
the absorption of energy by hydrogen-containing functional groups in organic com- 
pounds present in the food (C-H, O-H, N-H and S-H). The reflected energy from 
the sample provides information on its composition but, unlike normal spectroscopy, 
is not related directly to concentration since the sample is heterogenous. Therefore, 
empirical relationships are derived by calibrating the reflected spectrum with sam- 
ples of known composition, as determined by standard methods. In practice, energy 
in the wavelength range 1100-2500 nm is directed on to a cell containing the dried 
milled sample, and the diffuse reflected energy is measured across the spectrum. The 
spectral data are then related to the known chemical composition of the standard 
samples by multiple linear regression. The relationships are then validated with a 
second set of samples of known composition. Once satisfactory relationships have 
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been derived, they can be applied to the spectra of samples of unknown composi- 
tion. The technique has been extended to the analysis of fresh silage samples, elimi- 
nating the need to dry and mill the sample. NIRS has the advantages that it is rapid 
with minimal sample preparation, it gives instantaneous results and is non-destructive 
of the sample, it allows simultaneous measurement of several parameters with high 
precision, and it allows a high throughput of samples at low cost per sample. It is 
particularly useful in the context of compound food manufacture where rapid analy- 
sis of raw materials and finished product is required for efficient mixing and quality 
control standards. With forages, particularly grass and cereal silages, NIRS is now 
routinely used to determine not only chemical composition but also a range of food 
characteristics, including those that are the resultant of a number of nutrient concen- 
trations such as digestibility, metabolisable energy and nitrogen degradability in the 
rumen and potential silage intake (see Chapters 12, 13 and 17). 

Nuclear magnetic resonance spectroscopy is a complex technique that is used to 
determine the constituents of foods. This method makes use of the fact that some 
compounds contain certain atomic nuclei which can be identified from a nuclear 
magnetic resonance spectrum, which measures variations in frequency of electro- 
magnetic radiation absorbed. It provides more specific and detailed information of 
the conformational structure of compounds than, for example, NIRS but is more 
costly and requires more time and skill on the part of the operator. For these 
reasons, it is more suited to research work and for cases in which the results from 
simpler spectroscopy techniques require further investigation. Nuclear magnetic res- 
onance spectroscopy has been useful in the investigation of the soluble and struc- 
tural components of forages. 


SUMMARY 


1. 


Water is an important component of animal 
foods. It contributes to the water requirements 
of animals and dilutes the nutrient content of 
foods. Water content varies widely between 
foods. 


. The constituents of dry matter comprise 


carbohydrates (sugars, starches, fibres), 
nitrogen-containing compounds (proteins, 
amino acids, non-protein nitrogen compounds), 
lipids (fatty acids, glycerides), minerals and 
vitamins. 


. Analytical techniques have been developed from 


simple chemical/gravimetric determinations. 


. Modern analytical techniques attempt to 


measure nutrients in foods in terms of the 
nutrient requirements of the animal. 


. Starch is determined by polarimetry. 


. Fibrous constituents can be determined by 


application of detergent solutions and weigh- 
ing the residue or by the use of enzymes 
followed by weighing or gas-liquid chro- 
matography. 


. Individual mineral elements are measured 


by atomic absorption spectroscopy, flame 
photometry or inductively coupled plasma 
emission spectroscopy. 


. Gas-liquid chromatography is used to deter- 


mine individual amino acids, fatty acids and 
certain vitamins. 


. Near-infrared reflectance spectroscopy is used 


routinely to determine food characteristics and 
to predict nutritive value. Nuclear magnetic 
resonance spectroscopy is a research technique 
for determining the chemical structure of food 
components. 
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2.1 


Carbohydrates 


2.1 Classification of carbohydrates 
2.2 Monosaccharides 

2.3 Monosaccharide derivatives 
2.4 Oligosaccharides 

2.5 Polysaccharides 

2.6 Lignin 


In general, carbohydrates are neutral chemical compounds containing the elements 
carbon, hydrogen and oxygen and have the empirical formula (CH20),, where n is 3 or 
more. However, some compounds with general properties of the carbohydrates also 
contain phosphorus, nitrogen or sulphur; and others, e.g. deoxyribose (C5H; 90,4), do not 
have hydrogen and oxygen in the same ratio as that in water. The carbohydrate group 
contains polyhydroxy aldehydes, ketones, alcohols and acids, their simple derivatives, 
and any compound that may be hydrolysed to these. 


CLASSIFICATION OF CARBOHYDRATES 


The carbohydrates may be classified as shown in Fig. 2.1. The simplest sugars are the 
monosaccharides, which are divided into subgroups — trioses (C3H,¢O3), tetroses 
(C4HgOz), pentoses (C5H1905), hexoses (Cg6H120¢6) and heptoses (C7H1407) depend- 
ing upon the number of carbon atoms present in the molecule. The trioses and tetroses 
occur as intermediates in the metabolism of other carbohydrates and their importance 
will be considered in Chapter 9. Monosaccharides may be linked together, with the 
elimination of one molecule of water at each linkage, to produce di-, tri-, tetra- or poly- 
saccharides, containing, respectively, two, three, four or larger numbers of monosac- 
charide units. 

The term sugar is generally restricted to those carbohydrates containing fewer than 
ten monosaccharide residues, while the name oligosaccharides (from the Greek oligos, 
a few) is frequently used to include all sugars other than the monosaccharides. 

Polysaccharides, also called glycans, are polymers of monosaccharide units. They 
are classified into two groups, the homoglycans, which contain only a single type of 
monosaccharide unit, and the heteroglycans, which on hydrolysis yield mixtures of 


Monosaccharides— 


Sugars 


Oligosaccharides + 


[Trioses (C3H603) 


Tetroses (C4H804) 


Pentoses (C5H 90s) 


Hexoses (CgH120¢) 


Heptoses (C7H,407) 


Disaccharides 


Trisaccharides 


|Tetrasaccharides 


| Arabinans 
Xylans 


Glucans 


[Homoglycans _| 


Fructans 
Galactans 
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Non-sugars 


Complex 
carbohydrates 
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|Glycolipids 
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Fig. 2.1 Classification of carbohydrates. 
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2.2 


monosaccharides and derived products. The molecular weight of polysaccharides 
varies from as little as about 8000 in some plant fructans to as high as 100 million in 
the amylopectin component of starch. Hydrolysis of these polymers to their con- 
stituent sugars can be effected by the action of either specific enzymes or acids. 

The complex carbohydrates are an ill-defined group of compounds that contain 
carbohydrates in combination with non-carbohydrate molecules. They include the 
glycolipids and glycoproteins. The structure and biological importance of these two 
groups of compounds are discussed in Chapters 3 and 4, respectively. 


MONOSACCHARIDES 


Structure 


The monosaccharide sugars occur in a number of isomeric forms. Thus, glucose and 
fructose (both hexoses) are structural isomers, glucose having an aldehyde group 
and fructose having a ketone group. Both of these sugars occur in two mirror 
image, stereoisomeric forms, dextro and laevo (D- and L-), according to the orienta- 
tion of the OH group at carbon atom 5. Biologically the D-forms are the more 
important. 


1CHO CHO 1CH;jOH CH OH 
een HOCH 2 =Ó C=0 
eer HCOH HO3CH HCOH 
en HOCH PR ñ au 
eee HOCH en HOCH 
er CH OH dun CHOH 
p-Glucose L-Glucose p-Fructose L-Fructose 


Under physiological conditions, sugars exist mainly in another isomeric form, as 
ring or cyclic structures, rather than straight chains. Glucose forms a pyranose ring 
and fructose most commonly forms a furanose ring. Each ring structure can occur in 
two isomeric forms, designated a and B. Starch and glycogen are polymers of the 
a-form, while cellulose is a polymer of the B-form. 


Properties of the monosaccharides 


Because of the presence of an active aldehyde or ketone grouping, the monosaccha- 
rides act as reducing substances. The reducing properties of these sugars are usually 
demonstrated by their ability to reduce certain metal ions, notably copper or silver, 
in alkaline solution. The aldehyde and ketone groups may also be reduced chemi- 
cally, or enzymatically, to yield the corresponding sugar alcohols. Examples of oxi- 
dation and reduction products are given in the section dealing with monosaccharide 
derivatives (see p. 20). 


Monosaccharides 


®CH2OH ®CH2OH H CH2OH 
| | 
5C 5C c——o 
H /| H H /| OH H N 
|/ H | |/ H | |/ H 
C ie (er IÇ C 
|N OH H /| |N OH H/| |N H OH/| 
HO \| |7 OH HO \| |7 H HO | / OH 
C3 —2¢ C3 ——2¢ C C 
| | | | | 
H OH H OH OH H 
a-b-Glucose B-p-Glucose a-D-Fructose 
Pentoses 


The most important members of this group of simple sugars are the aldoses L-arabinose, 
D-xylose and D-ribose, and the ketoses D-xylulose and D-ribulose. 


H 
H O OH O H 
OH H H H 
HOH2C H OH 
H OH H OH OH OH 
a-L-Arabinose a-b-Xylose a-bD-Ribose 


L-Arabinose occurs as pentosans in arabinans. It is a component of hemicelluloses 
and it is found in silage as a result of their hydrolysis. It is also a component of gum 
arabic and other gums. D-Xylose also occurs as pentosans in xylans. These com- 
pounds form the main chain in grass hemicelluloses. Xylose, along with arabinose, 
is produced in considerable quantities when herbage is hydrolysed with normal 
sulphuric acid. D-Ribose is present in all living cells as a constituent of ribonucleic 
acid (RNA), and it is also a component of several vitamins and coenzymes. 


CH OH CH2OH 
6 26 
eee non 
T alon 
EN eee 
p-Xylulose p-Ribulose 


The phosphate derivatives of D-xylulose and D-ribulose occur as intermediates in 
the pentose phosphate metabolic pathway (see p. 202). 
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2.3 


Hexoses 


Glucose and fructose are the most important naturally occurring hexose sugars, 
while mannose and galactose occur in plants in a polymerised form as mannans 
and galactans. 

D-Glucose, grape sugar or dextrose, exists in the free state as well as in combined 
form. The sugar occurs free in plants, fruits, honey, blood, lymph and cerebrospinal 
fluid, and it is the sole or major component of many oligosaccharides, polysaccha- 
rides and glucosides. In the pure state, glucose is a white crystalline solid and, like all 
sugars, is soluble in water. 

D-Fructose, fruit sugar or laevulose, occurs free in green leaves, fruits and honey. 
It also occurs in the disaccharide sucrose and in fructans. Green leafy crops usually 
contain appreciable amounts of this sugar, both free and in polymerised form. The 
free sugar is a white crystalline solid and has a sweeter taste than sucrose. The excep- 
tionally sweet taste of honey is due to this sugar. 

D-Mannose does not occur free in nature but exists in polymerised form as man- 
nan and also as a component of glycoproteins. Mannans are found widely distrib- 
uted in yeasts, moulds and bacteria. 

D-Galactose does not occur free in nature except as a breakdown product during 
fermentation. It is present as a constituent of the disaccharide lactose, which occurs 
in milk. Galactose also occurs as a component of the anthocyanin pigments, galac- 
tolipids, gums and mucilages. 


Heptoses 
D-Sedoheptulose is an important example of a monosaccharide containing seven 
carbon atoms and occurs, as the phosphate, as an intermediate in the pentose phos- 
phate metabolic pathway (see p. 202). 
CH>OH 

C—O 
HOCH 

HCOH 

HCOH 


HCOH 


CH;OH 


p-Sedoheptulose 


MONOSACCHARIDE DERIVATIVES 


Phosphoric acid esters 


The phosphoric acid esters of sugars play an important role in a wide variety of 
metabolic reactions in living organisms (see Chapter 9). The most commonly occur- 
ring derivatives are those formed from glucose, the esterification occurring at either 
carbon atoms 1 or 6 or both. 


Monosaccharide derivatives 


OH 
Z 
CH,O— PO 
\ 
o OH 
H H 
H 
OH H 
OH (0) 
H OH 
a-D-Glucose 1-phosphate a-b-Glucose 6-phosphate 


Amino sugars 


If the hydroxyl group on carbon atom 2 of an aldohexose is replaced by an amino 
group (-NH)), the resulting compound is an amino sugar. Two such naturally occur- 
ring important compounds are D-glucosamine, a major component of chitin (see 
p. 28), and D-galactosamine, a component of the polysaccharide of cartilage. 


CH20H CH20H 
(0) 
HO OH 
H 
OH H 
H H 
H NH2 H NH2 
B-p-Glucosamine B-p-Galactosamine 


Deoxy sugars 


Replacement of a hydroxyl group by hydrogen yields a deoxy sugar. The derivative 
of ribose, deoxyribose, is a component of deoxyribonucleic acid (DNA). Similarly, 
deoxy derivatives of the two hexoses, galactose and mannose, occur as fucose and 
rhamnose, respectively, these being components of certain heteropolysaccharides. 


HOH2C O H 


H n + OH 
OH H OH OH 
a-D-Deoxyribose a-t-Rhamnose 
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Sugar acids 


The aldoses can be oxidised to produce a number of acids, of which the most 
important are: 


COOH COOH CHO 

C: TEA TERA 

es COOH lan 
Aldonic acids Aldaric acids Uronic acids 


In the case of glucose, the derivatives corresponding to these formulae are glu- 
conic, glucaric and glucuronic acids, respectively. Of these compounds, the uronic 
acids, particularly those derived from glucose and galactose, are important compo- 
nents of a number of heteropolysaccharides. 


Sugar alcohols 


Simple sugars can be reduced to polyhydric alcohols; for example, glucose yields 
sorbitol, galactose yields dulcitol, and both mannose and fructose yield mannitol. 
Mannitol occurs in grass silage and is formed by the action of certain anaerobic 
bacteria on the fructose present in the grass. 


CH2OH CH OH CHO 
| 
C=O0O HOCH HOCH 
| 
HOCH +2H HOCH WH HOCH 
| — q< 
HCOH HCOH HCOH 
| | 
HCOH HCOH HCOH 
CH2OH CH2OH CH 20H 
D-Fructose p-Mannitol p-Mannose 
Glycosides 


If the hydrogen of the hydroxyl group attached to the carbon 1 atom of glucose is 
replaced by esterification, or by condensation, with an alcohol (including a sugar 
molecule) or a phenol, the derivative so produced is termed a glucoside. Similarly 
galactose forms galactosides and fructose forms fructosides. The general term glyco- 
side is used collectively to describe these derivatives and the linkage is described as 
a glycosidic bond. 

Oligosaccharides and polysaccharides are classed as glycosides, and these com- 
pounds yield sugars or sugar derivatives on hydrolysis. Certain naturally occurring 
glycosides contain non-sugar residues. For example, the nucleosides contain a sugar 
combined with a heterocyclic nitrogenous base (see Chapter 4). 


2.4 


Oligosaccharides 


Table 2.1 Some important naturally occurring cyanogenetic glycosides 


Name Source Hydrolytic products in 
addition to glucose and 
hydrogen cyanide 


Linamarin Linseed (Linum usitatissimum), Acetone 
(phaseolunatin) Java beans (Phaseolus lunatus), 
Cassava (Manihot esculenta) 
Vicianin Seeds of wild vetch Arabinose, benzaldehyde 
(Vicia angustifolia) 
Amygdalin Bitter almonds, kernels of Benzaldehyde 
peach, cherries, plums, apples 
and fruits of Rosaceae 
Dhurrin Leaves of the great millet p-Hydroxy-benzaldehyde 
(Sorghum vulgare) 
Lotaustralin Trefoil (Lotus australis), Methylethyl ketone 
White clover (Trifolium repens) 


The cyanogenetic glycosides liberate hydrogen cyanide (HCN) on hydrolysis; be- 
cause of the toxic nature of this compound, plants containing this type of glycoside 
are potentially dangerous to animals. The glycoside itself is not toxic and must be 
hydrolysed before poisoning occurs. However, the glycoside is easily broken down 
to its components by means of an enzyme that is usually present in the plant. An 
example of a cyanogenetic glycoside is linamarin (also called phaseolunatin), which 
occurs in linseed, Java beans and cassava. If wet mashes or gruels containing these 
foods are given to animals, it is advisable to boil them when mixing in order to in- 
activate any enzyme present. On hydrolysis, linamarin yields glucose, acetone and 
hydrogen cyanide. 

Examples of other cyanogenetic glycosides and their sources are shown in 
Table 2.1. 


OLIGOSACCHARIDES 


Disaccharides 


A large number of disaccharide compounds are theoretically possible, depending 
upon the monosaccharides present and the manner in which they are linked. The most 
nutritionally important disaccharides are sucrose, maltose, lactose and cellobiose, 
which on hydrolysis yield two molecules of hexoses: 


C12H22011 + H20 — 2C6H1206 
Sucrose is formed from one molecule of a-D-glucose and one molecule of B-D- 


fructose joined together through an oxygen bridge between their respective carbon 
atoms 1 and 2. As a consequence, sucrose has no active reducing group. 
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CH;OH 


Sucrose 


Sucrose is the most ubiquitous and abundantly occurring disaccharide in plants, 
where it is the main transport form of carbon. This disaccharide is found in high con- 
centration in sugar cane (200 g/kg) and in sugar beet (150-200 g/kg); it is also pres- 
ent in other roots such as mangels and carrots, and it occurs in many fruits. Sucrose 
is easily hydrolysed by the enzyme sucrase or by dilute acids. When heated to a tem- 
perature of 160 °C it forms barley sugar and at a temperature of 200 °C it forms 
caramel. 

Lactose, or milk sugar, is a product of the mammary gland. Cow’s milk contains 
43-48 g/kg lactose. It is not as soluble as sucrose and is less sweet, imparting only 
a faint sweet taste to milk. Lactose is formed from one molecule of B-D-glucose 
joined to one of 8-D-galactose in a B-(1:4)-linkage and has one active reducing 
group. 


Lactose 


Lactose readily undergoes fermentation by a number of organisms, including 
Streptococcus lactis. This organism is responsible for souring milk by converting the 
lactose into lactic acid (CH3.CHOH.COOH). If lactose is heated to 150 °C it turns 
yellow; at a temperature of 175 °C the sugar is changed into a brown compound, 
lactocaramel. On hydrolysis lactose produces one molecule of glucose and one 
molecule of galactose. 

Maltose, or malt sugar, is produced during the hydrolysis of starch and glycogen 
by dilute acids or enzymes. It is produced from starch during the germination of bar- 
ley by the action of the enzyme amylase. The barley, after controlled germination 
and drying, is known as malt and is used in the manufacture of beer and Scotch malt 
whisky. Maltose is water-soluble, but it is not as sweet as sucrose. Structurally it 


Oligosaccharides 


consists of two a-D-glucose residues linked in the a-1,4 positions; it has one active 
reducing group. 


CH;OH CH;OH 


Maltose 


Cellobiose does not exist naturally as a free sugar, but it is the basic repeating unit 
of cellulose. It is composed of two B-D-glucose residues linked through a B-(1:4)-bond. 
This linkage cannot be split by mammalian digestive enzymes. It can, however, be 
split by microbial enzymes. Like maltose, cellobiose has one active reducing group. 


CH2OH H OH 


CH20H 


Cellobiose 


Trisaccharides 


Raffinose and kestose are two important naturally occurring trisaccharides. They are 
both non-reducing and on hydrolysis produce three molecules of hexose sugars: 


C18H32016 ote 2H,0 =~. 3C6H120¢ 


Raffinose is the commonest member of the group, occurring almost as widely as 
sucrose in plants. It exists in small amounts in sugar beet and accumulates in molasses 
during the commercial preparation of sucrose. Cotton seed contains about 80 g/kg of 
raffinose. On hydrolysis, this sugar produces glucose, fructose and galactose. 

Kestose and its isomer isokestose occur in the vegetative parts and seeds of 
grasses. These two trisaccharides consist of a fructose residue attached to a sucrose 
molecule. 


Tetrasaccharides 


Tetrasaccharides are made up of four monosaccharide residues. Stachyose, a mem- 
ber of this group, is almost as ubiquitous as raffinose in higher plants and has been 
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2.5 


isolated from about 165 species. It is a non-reducing sugar and on hydrolysis 
produces two molecules of galactose, one molecule of glucose and one of fructose: 


Co4H 42021 + 3H;O — 4C6H1206 


POLYSACCHARIDES 


Homoglycans 


These carbohydrates are very different from the sugars. The majority are of high 
molecular weight, being composed of large numbers of pentose or hexose residues. 
Homoglycans do not give the various sugar reactions characteristic of the aldoses 
and ketoses. Many of them occur in plants either as reserve food materials such as 
starch or as structural materials such as cellulose. 


Arabinans and xylans 


These are polymers of arabinose and xylose, respectively. Although homoglycans 
based on these two pentoses are known, they are more commonly found in combi- 
nation with other sugars as constituents of heteroglycans. 


Glucans 


Starch is a glucan and is present in many plants as a reserve carbohydrate. It is most 
abundant in seeds, fruits, tubers and roots. Starch occurs naturally in the form of 
granules, whose size and shape vary in different plants. The granules are built up in 
concentric layers, and although glucan is the main component of the granules they 
also contain minor constituents such as protein, fatty acids and phosphorus com- 
pounds, which may influence their properties. 

Starches differ in their chemical composition and, except in rare instances, are 
mixtures of two structurally different polysaccharides, amylose and amylopectin. 
The proportions of these present in natural starches depend upon the source, 
although in most starches amylopectin is the main component, amounting to about 
70-80 per cent of the total. An important qualitative test for starch is its reaction 
with iodine: amylose produces a deep blue colour and amylopectin solutions 
produce a blue—violet or purple colour. 

Amylose is mainly linear in structure, the a-D-glucose residues being linked be- 
tween carbon atom 1 of one molecule and carbon atom 4 of the adjacent molecule. 
A small proportion of «-(1:6) linkages may also be present. Amylopectin has a bush- 
like structure containing primarily a-(1:4) linkages, but it also has an appreciable 
number of a-(1:6) linkages. 


6CH OH 5CH OH 6CH OH 


Part of amylose molecule showing 1,4 linkages 


Polysaccharides 


Starch granules are insoluble in cold water, but when a suspension in water is 
heated the granules swell and eventually gelatinise. On gelatinisation, potato 
starch granules swell greatly and then burst open; cereal starches swell but tend 
not to burst. 

Animals consume large quantities of starch in cereal grains, cereal by-products 
and tubers. 

Glycogen is a term used to describe a group of highly branched polysaccharides 
isolated from animals or microorganisms. The molecules can be hydrolysed rapidly 
in conditions requiring the mobilisation of glucose, such as exercise and stress. 
Glycogens occur in liver, muscle and other animal tissues. They are glucans, analo- 
gous to amylopectin in structure, and have been referred to as ‘animal starches’. 
Glycogen is the main carbohydrate storage product in the animal body and plays an 
essential role in energy metabolism. 

The molecular weights of glycogen molecules vary considerably according to 
the animal species, the type of tissue and the physiological state of the animal. 
The glycogen of rat liver, for example, has molecular weights in the range 
1—5 x 108, whereas that from rat muscle has a rather lower molecular weight of 
about 5 x 10°. 

Dextrins are intermediate products of the hydrolysis of starch and glycogen: 


Starch 


Dextrins — maltose — glucose 


Glycogen 


Dextrins are soluble in water and produce gum-like solutions. The higher mem- 
bers of these transitional products produce a red colour with iodine, while the lower 
members do not give a colour. The presence of dextrins gives a characteristic flavour 
to bread crust, toast and partly charred cereal foods. 

Cellulose is the most abundant single polymer in the plant kingdom, forming the 
fundamental structure of plant cell walls. It is also found in a nearly pure form in cot- 
ton. Pure cellulose is a homoglycan of high molecular weight in which the repeating 
unit is cellobiose. Here the B-glucose residues are 1,4-linked. 


CH;OH CH;OH 


Cellulose 
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In the plant, cellulose chains are formed in an ordered manner to produce com- 
pact aggregates (microfibrils), which are held together by both inter- and intramolecular 
hydrogen bonding. In the plant cell wall, cellulose is closely associated, physically 
and chemically, with other components, especially hemicelluloses and lignin. 

Callose is a collective term for a group of polysaccharides consisting of B-(1,3)- 
and frequently B-(1,4)-linked glucose residues. These B-glucans occur in higher plants 
as components of special walls appearing at particular stages of development. A large 
part of the endosperm cell wall of cereal grains is composed of B-glucans of this type. 
They are also deposited by higher plants in response to wounding and infection. 


Fructans 


These occur as reserve material in roots, stems, leaves and seeds of a variety of 
plants, but particularly in the Compositae and Gramineae. In the Gramineae, fruc- 
tans are found only in temperate species. These polysaccharides are soluble in cold 
water and are of a relatively low molecular weight. All known fructans contain B-D- 
fructose residues joined by 2,6 or 2,1 linkages. They can be divided into three 
groups: (1) the levan group, characterised by 2,6 linkages; (2) the inulin group, con- 
taining 2,1 linkages; and (3) a group of highly branched fructans found, for example, 
in couch grass (Agropyron repens) and in wheat endosperm. This group contains 
both types of linkage. 

Most fructans on hydrolysis yield, in addition to D-fructose, a small amount of D- 
glucose, which is derived from the terminal sucrose unit in the fructan molecule. The 
structure of a typical grass fructan is depicted here: 


CH2OH 
CH2OH B _ 
O 
o O— ÍCH, ,9 O— | CH, ,9 O OH 
H 
H HO H HO H HO OH H 
H CH2OH| H CH>OH| H CH20H H H 
OH H OH H H H OH 
L — 1-30 
Grass fructan (Sucrose residue) 


Galactans and mannans 


These are polymers of galactose and mannose, respectively, and occur in the cell walls 
of plants. A mannan is the main component of the cell walls of palm seeds, where it 
occurs as a food reserve and disappears during germination. A rich source of mannan 
is the endosperm of nuts from the South American tagua palm tree (Phytelephas 
macrocarpa); the hard endosperm of this nut is known as ‘vegetable ivory’. The seeds 
of many legumes, including clovers, trefoil and lucerne, contain galactans. 


Glucosaminans 


Chitin is the only known example of a homoglycan containing glucosamine, being a 
linear polymer of acetyl-D-glucosamine. Chitin is of widespread occurrence in lower 


Polysaccharides 


animals and is particularly abundant in Crustacea, in fungi and in some green algae. 
After cellulose, it is probably the most abundant polysaccharide of nature. 


Heteroglycans 
Pectic substances 


Pectic substances are a group of closely associated polysaccharides that are soluble 
in hot water and occur as constituents of primary cell walls and intercellular regions 
of higher plants. They are particularly abundant in soft tissues such as the peel of cit- 
rus fruits and sugar beet pulp. Pectin, the main member of this group, consists of a 
linear chain of D-galacturonic acid units in which varying proportions of the acid 
groups are present as methyl esters. The chains are interrupted at intervals by the in- 
sertion of L-rhamnose residues. Other constituent sugars, e.g. D-galactose, L-arabi- 
nose and D-xylose, are attached as side chains. Pectic acid is another member of this 
class of compounds; it is similar in structure to pectin but is devoid of ester groups. 
Pectic substances possess considerable gelling properties and are used commercially 
in jam making. 


Hemicelluloses 


Hemicelluloses are defined as alkali-soluble cell wall polysaccharides that are 
closely associated with cellulose. The name hemicellulose is misleading and implies 
erroneously that the material is destined for conversion to cellulose. Structurally, 
hemicelluloses are composed mainly of D-glucose, D-galactose, D-mannose, D-xylose 
and L-arabinose units joined together in different combinations and by various gly- 
cosidic linkages. They may also contain uronic acids. 

Hemicelluloses from grasses contain a main chain of xylan made up of B-(1:4)- 
linked D-xylose units with side chains containing methylglucuronic acid and fre- 
quently glucose, galactose and arabinose. 


Exudate gums and acid mucilages 


Exudate gums are often produced from wounds in plants, although they may arise as 
natural exudations from bark and leaves. The gums occur naturally as salts, espe- 
cially of calcium and magnesium, and in some cases a proportion of the hydroxyl 
groups are esterified, usually as acetates. Gum arabic (acacia gum) has long been a 
familiar substance; on hydrolysis it yields arabinose, galactose, rhamnose and glu- 
curonic acid. Acidic mucilages are obtained from the bark, roots, leaves and seeds of 
a variety of plants. Linseed mucilage is a well-known example that produces arabi- 
nose, galactose, rhamnose and galacturonic acid on hydrolysis. 


Hyaluronic acid and chondroitin 


These two polysaccharides have a repeating unit consisting of an amino sugar and D- 
glucuronic acid. Hyaluronic acid, which contains acetyl-D-glucosamine, is present in 
the skin, the synovial fluid and the umbilical cord. Solutions of this acid are viscous 
and play an important part in the lubrication of joints. Chondroitin is chemically 
similar to hyaluronic acid but contains galactosamine in place of glucosamine. 
Sulphate esters of chondroitin are major structural components of cartilage, tendons 
and bones. 
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2.6 


SUMMARY 


1. Carbohydrates are compounds containing 


LIGNIN 


Lignin, which is not a carbohydrate but is closely associated with this group of com- 
pounds, confers chemical and biological resistance to the cell wall, and mechanical 
strength to the plant. Strictly speaking the term ‘lignin’ does not refer to a single, 
well-defined compound but is a collective term that embraces a whole series of 
closely related compounds. 

Lignin is a polymer that originates from three derivatives of phenylpropane: 
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. The lignin molecule is made 
up of many phenylpropanoid units associated in a complex cross-linked structure: 


CH==CH.CH20H 


R Ry 


OH 


(1) Coumaryl alcohol, where R =R; =H 
(2) Coniferyl alcohol, where R = H, Ry = OCH3 
(3) Sinapyl alcohol, where R = R; = OCH3 


Lignin is of particular interest in animal nutrition because of its high resistance to 
chemical degradation. Physical incrustation of plant fibres by lignin renders them inac- 
cessible to enzymes that would normally digest them. There is evidence that strong 
chemical bonds exist between lignin and many plant polysaccharides and cell wall pro- 
teins that render these compounds unavailable during digestion. Wood products, mature 
hays and straws are rich in lignin and consequently are poorly digested unless treated 
chemically to break the bonds between lignin and other carbohydrates (see p. 249). 


5. The carbohydrate group also contains mole- 


carbon, hydrogen and oxygen, with the last two 
elements present in the same proportions as in 
water, and are found especially in plant foods. 


. They range from the simple sugar molecules 


(monosaccharides) with between three and 
seven carbon atoms to combinations of two, 
three or four molecules (di-, tri- and tetrasac- 
charides) and finally to complex polymers of 
the sugar molecules (polysaccharides). 


. The monosaccharides have an active aldehyde 


or ketone group and can take the mirror 
image D- or L-formation. 


. Under physiological conditions the monosac- 


charides exist mainly in cyclic forms, which can 
be a- or B-isomers. 


cules derived from sugars that also contain 
phosphorus, nitrogen and sulphur and other 
derivatives that feature in intermediary metab- 
olism, nucleic acid structure and substances 
such as cyanogenetic glucosides. 


. The main carbohydrates occurring in foods 


include the monosaccharides glucose, fructose, 
arabinose, xylose and ribose; the disaccharides 
sucrose and maltose; and the polysaccharides 
starch, hemicellulose and cellulose. The disac- 
charide lactose occurs in milk. 


. Lignin, although not itself a carbohydrate, is 


associated with carbohydrates in plant cell 
walls. 
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3.1 


3.1 Classification of lipids 


3.2 Fats 

3.3 Glycolipids 
3.& Phospholipids 
3.5 Waxes 

3.6 Steroids 


3.7 Terpenes 


CLASSIFICATION OF LIPIDS 


The lipids are a group of substances found in plant and animal tissues. They are insol- 
uble in water but soluble in common organic solvents such as benzene, ether and 
chloroform. They act as electron carriers, as substrate carriers in enzymic reactions, 
as components of biological membranes, and as sources and stores of energy. In the 
proximate analysis of foods they are included in the ether extract fraction. They may 
be classified as shown in Fig. 3.1. 

Plant lipids are of two main types: structural and storage. The structural lipids are 
present as constituents of various membranes and protective surface layers and make 
up about 7 per cent of the leaves of higher plants. The surface lipids are mainly waxes, 
with relatively minor contributions from long-chain hydrocarbons, fatty acids and 
cutin. The membrane lipids, present in mitochondria, the endoplasmic reticulum and 
the plasma membranes, are mainly glycolipids (40-50 per cent) and phosphoglyc- 
erides. Plant storage lipids occur in fruits and seeds and are, predominantly, triacyl- 
glycerols. Over 300 different fatty acids have been isolated from plant tissues, but only 
about seven are of common occurrence. The most abundant is a-linolenic acid; the 
most common saturated acid is palmitic acid and the most common monounsaturated 
acid is oleic acid. 

In animals, lipids are the major form of energy storage, mainly as fat, which may 
constitute up to 97 per cent of the adipose tissue of obese animals. The yield of en- 
ergy from the complete oxidation of fat is about 39 MJ/kg DM compared with about 
17 MJ/kg DM from glycogen, the major carbohydrate form of stored energy. In 


3.2 


Fats 


Lipids 
| 
l 
Glycerol-based Non-glycerol-based 
Simple Compound 
Glycolipids Phosphoglycerides 
Sphingomyelins 
Cerebrosides 
Waxes 
Steroids 
f= = =] is = Terpenes 


Fats Glucolipids Galactolipids Lecithins Cephalins Eicosanoids 


Fig. 3.1 Classification of the lipids. 


addition, stored fat is almost anhydrous, whereas stored glycogen is highly hydrated. 
Weight for weight, fat is, therefore, about six times as effective as glycogen as a 
stored energy source. 

The structural lipids of animal tissues, mainly phosphoglycerides, constitute 
0.5-1 per cent of muscle and adipose tissue; the concentration in the liver is usually 
2-3 per cent. The most important non-glyceride neutral lipid fraction of animal tissue 
is made up of cholesterol and its esters, which together make up 0.06-0.09 per cent 
of muscle and adipose tissue. 


FATS 


Fats and oils are constituents of both plants and animals and are important sources 
of stored energy. Both have the same general structure but have different physical 
and chemical properties. The melting points of the oils are such that at ordinary 
room temperatures they are liquid and they tend to be more chemically reactive 
than the more solid fats. The term ‘fat’ is frequently used in a general sense to include 
both groups. As well as its major function of supplying energy, stored fat is important 
as a thermal insulator and, in some warm-blooded animals, as a source of heat for 
maintaining body temperature. This is especially important in animals that are born 
hairless, those that hibernate and those that are cold-adapted. Such animals have 
special deposits of ‘brown fat’ in which oxidation is uncoupled from adenosine 
triphosphate (ATP) production (see Chapter 14) and all the energy is liberated as 
heat. Palmitate oxidised to produce ATP would yield about 13 MJ/kg as heat, com- 
pared with the uncoupled yield of 39 MJ/kg. In these tissues, the mitochondria are 
liberally supplied with respiratory electron carriers, particularly cytochromes, which 
accounts for their brown colour. 
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Structure of fats 


Fats are esters of fatty acids with the trihydric alcohol glycerol; they are also referred 
to as glycerides or acylglycerols. When all three alcohol groups are esterified by fatty 
acids, the compound is a triacylglycerol (triglyceride): 


sn-ICH;jOH sn-1CH2.O.CO.R 


sn-2CH OH + 3R.COOH — 35 sn2CH.O.CO.R + 3H20 
| | 
sn-3CH;jOH sn-3CH3.0.CO.R 


Gycerol Fatty acid Triacylglycerol 


It is important to appreciate that, in stereochemical terms, the positions occupied 
by the acid chains are not identical. Under the stereospecific numbering system the 
positions are designated sn-1, sn-2 and sn-3, as shown. They are readily distinguished 
by enzymes and this may lead to preferential reactivity at one or more of the posi- 
tions. Phosphorylation, for example, always takes place at carbon atom sn-3 rather 
than at carbon atom sn-1. Although triacylglycerols are predominant, mono- and di- 
acylglycerols do occur naturally, but in much smaller amounts. 

Triacylglycerols differ in type according to the nature and position of the fatty 
acid residues. Those with three residues of the same fatty acid are termed simple tri- 
acylglycerols, as illustrated above. When more than one fatty acid is concerned in the 
esterification, a mixed triacylglycerol results: 


CH2.0.CO.R4 
CH.O.CO.R2 
| 
CH2.0.CO.R3 


Mixed triacylglycerol 


Rı, R2 and Rs represent the chains of different fatty acids. Naturally occurring fats 
and oils are mixtures of such mixed triacylglycerols. Soya bean oil has been esti- 
mated to contain about 79 per cent of mixed triacylglycerols compared with about 
21 per cent of the simple type. Comparable figures for linseed oil are 75 and 25 per 
cent, respectively. Triacylglycerols with residues of one fatty acid only do occur nat- 
urally; laurel oil, for example, contains about 31 per cent of the triacylglycerol of 
lauric acid. 

Most of the naturally occurring fatty acids have an even number of carbon atoms, 
which is to be expected in view of their mode of formation (see Chapter 9). The major- 
ity contain a single carboxyl group and an unbranched carbon chain, which may be 
saturated or unsaturated. The unsaturated acids contain one (monoenoic), two 
(dienoic), three (trienoic) or many (polyenoic) double bonds. Fatty acids with more 
than one double bond are frequently referred to as polyunsaturated fatty acids (PUFA). 
The unsaturated acids possess different physical and chemical properties from the satu- 
rated acids: they have lower melting points and are more chemically reactive. 

The presence of a double bond in a fatty acid molecule means that the acid can 
exist in two forms, depending upon the spatial arrangement of the hydrogen atoms 
attached to the carbon atoms of the double bond. When the hydrogen atoms lie on 


Fats 


the same side of the double bond, the acid is said to be in the cis form, whereas it is 
said to be in the trans form when the atoms lie on opposite sides, as shown here: 


H CH2)7.COOH H CH2)7.COOH 
sN. 2)7 N: 2)7 


C C 
ZX Z N 
H R R H 


Cis Trans 


Most naturally occurring fatty acids have the cis configuration. 

The fatty acids are named by replacing the final -e of the name of the parent hydro- 
carbon by the suffix -oic. Thus, a saturated 18-carbon acid would be named octade- 
canoic after the parent octadecane. An 18-carbon acid with one double bond would be 
octadecenoic after octadecene. The position of the double bond is indicated by refer- 
ence to the carboxyl carbon atom (carbon atom 1). Thus, 9-octadecenoic acid would 
have 18 carbon atoms and a double bond between carbon atoms 9 and 10. Similarily, 
9,12,15-octadecatrienoic acid would have 18 carbon atoms and double bonds between 
carbon atoms 9 and 10, 12 and 13, and 15 and 16. The names may be abbreviated by 
stating the number of carbon atoms followed by a colon, followed by the number of 
double bonds (A), the positions of which are stated as a superscript. Thus, octadeca- 
trienoic acid would be designated 18:34%1?-15, Alternatively it may be written 9,12, 
15-18:3. Carbon atoms 2 and 3 are designated alpha (oe) and beta (B), respectively, and 
the methyl carbon at the distal end of the chain as the omega (w) carbon atom. In nutri- 
tional work, the unsaturated acids are frequently named in relation to the terminal 
methyl as carbon atom 1. Under this system 9,12,15-octadecatrienoic acid would be- 
come o-3,6,9-octadecatrienoic acid, since carbon atoms 3, 6 and 9 correspond to car- 
bon atoms 16, 13 and 10 under the former system. The abbreviated designation would 
be w-3,6,9-18:3. It has become common practice to use z instead of o and we then have 
n-3,6,9-18:3 and frequently 18:3(n-3). In addition the configuration of the double 
bonds is indicated by the use of the prefixes cis and trans. Thus, a-linolenic acid would 
be all cis-9,12,15-octadecatrienoic, or more simply all cis 9,12,15-18:3. 

For certain purposes the PUFA are grouped into families, based on oleic (n-9-18:1), 
linoleic (n-6,9-18:2) and a-linolenic (n-3,6,9-18:3) as precursors. The families are called 
omega-9 (w-9), omega-6 (w-6) and omega-3 (w-3), referring to the positions of the dou- 
ble bonds nearest to the omega carbon atom in these acids. Again, n is frequently sub- 
stituted for o. Some of the nutritionally important fatty acids are shown in Table 3.1. 

Two low-molecular-weight saturated fatty acids, namely butyric (C3H7.COOH) 
and caproic (C4H19.COOH), are found in significant amounts in the milk fats of ru- 
minants, and caproic along with caprylic acid is present in a few oils such as palm 
kernel and coconut. Other fatty acids containing two carboxyl groups, odd numbers 
of carbon atoms and branched chains have been isolated from natural fats, but they 
are not considered to be of great importance. 

Triacylglycerols are named according to the fatty acids they contain, e.g: 


CH>.0.CO.C17H33 CH>.0.CO.CysH3} 
CH.O.CO.C;7H33 CH.O.CO.C;7H33 
CH2.0.CO.C17H33 CH2.0.CO.C17H35 


Trioleoylgycerol (triolein) 1-Palmitoyl 2-oleoyl 3-stearoylglycerol (palmito-oleostearin) 


35 


Chapter 3 Lipids 


Table 3.1 Common fatty acids of natural fats and oils 


Acid Formula Melting point (°C) 
Saturated 
Caprylic (octanoic) C7Hy5.COOH 16.3 
Capric (decanoic) CoHy9.COOH 31.2 
Lauric (dodecanoic) C11H23.COOH 43.9 
Myristic (tetradecanoic) C13H27.COOH 54.1 
Palmitic (hexadecanoic) C15H31.COOH 62.7 
Stearic (octadecanoic) C17H35.COOH 69.6 
Unsaturated 
Palmitoleic (9-hexadecenoic) 
(9-16:1 or 16:1n-7) C15H29. COOH 0 
Oleic (octadecenoic) (9-18:1 or 18:1n-9) C17H33. COOH 13 
Linoleic (octadecadienoic) 
(9,12-18:2 or 18:2n-6) C17H31.COOH =5 
x-Linolenic (9,12,15-octadecatrienoic) 
(9,12,15-18:3 or 18:3n-3) C17H29.COOH —14.5 
Arachidonic (eicosatetraenoic) 
(5,8,11,14-20:4 or 20:4n-6) C19H31.COOH —49.5 


Timnodonic (eicosapentaenoic) 
(5,8,11,14,17-20:5 or 20:5n-3) 


Cy9H29.COOH 


Docosahexaenoic (5,8,11,14,17,20-22:6 or 22:6n-3) 


C21H36.COOH 
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The fatty acid residues are not distributed randomly between the alcohol groups 
of the parent glycerol. Thus, in cow’s milk fat, for example, the short-chain acids are 
concentrated at position 3. In human milk fat, the unsaturated acids are predomi- 
nantly at position 1 and the saturated acids at position 2. Animal depot fats tend to 
have saturated acids at position 1 and unsaturated and short-chain acids at position 2; 
PUFA tend to accumulate at position 3. 

There is evidence that the configuration of the constituent triacylglycerols of fats 
can influence the extent to which they are digested. Thus, palmitate (hexadecanoate) 
distributed randomly throughout the 1, 2 and 3 positions was found to be less 
digestible than that which occupied position 2, the favoured position for attack by 
pancreatic lipase. 

The fatty acid composition of the triacylglycerols determines their physical na- 
ture. Those with a high proportion of low-molecular-weight (short-chain) and unsat- 
urated acids have low melting points. Thus, tristearin is solid at body temperature 
whereas triolein is liquid. 


Composition of fats 


It is frequently important in nutritional investigations to assess the quality of the fat 
being produced under a certain treatment. When the effect of the diet is considerable, 
the results may be obvious in a softening or hardening of the fat. Less obvious 
changes may occur, and for these a more objective assessment is necessary. Differ- 
ences between fats are a function of their fatty acid composition since glycerol is com- 
mon to all fats. The logical method of following changes in fats is, therefore, to 
measure their fatty acid constitution. Analysis of fats for individual fatty acids has 
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Table 3.2 Fatty acid composition (g/100 g) of some common fats and oils 


4:0 

6:0 
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10:0 
12:0 
14:0 
16:0 
18:0 
20:0 
22:0 
16:1 
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Others 


Rapeseed Soyabean Ryegrass Cocksfoot Linseed Butterfat Lard Beef tallow Menhaden Codliver 


= = = = 3 = = Z s. 
2 - a = 2 = =. = = 
= z Z = 1 = = = Z 
= is = = 3 = — _ _ 
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7 _ _ 55 Tr Tr _ _ _ 
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_ _ _ _ _ _ _ 14 6 
_ _ _ _ _ _ _ 10 27 
2 7 0 6 1 1 4 1 2 


presented great problems in the past, but the introduction of techniques such as gas 
chromatography has allowed determinations to be made more easily and accurately. 
As well as its major role as an energy source, fat has a vital role in providing individ- 
ual fatty acids with specific nutritional roles within the animal body. Information on 
fatty acid composition is, therefore, a prerequisite in the evaluation of fats in this 
context. 

Some typical values for a number of important fats and oils are given in Table 3.2. 

In general, plant and marine oils, especially those of fish, are more highly unsatu- 
rated than those of mammalian origin. This is because of the presence of varying 
amounts of linoleic and linolenic acids in addition to the monounsaturated oleic (cis- 
9-octadecenoic) acid, which is quantitatively the major fatty acid in most natural 
fats. In addition, the fish oils have significant concentrations of highly unsaturated 
C29 and Cy. acids. In mammalian depot fat, the proportion of the more unsaturated 
acids is lower and there is a higher proportion of high-molecular-weight saturated 
acids such as palmitic and stearic acids, with smaller but significant contributions 
from lauric (dodecanoic) and myristic (tetradecanoic) acids. For this reason, fats such 
as pig lard, and beef and mutton tallow are firm and hard, whereas fish and plant oils 
are softer and frequently are oils in the true sense. 

Within individual animals, subcutaneous fats contain a higher proportion of unsat- 
urated acids and are thus softer than deep-body fat. The physical nature of fat varies 
between animals, marine mammals having softer body fat than land mammals. The 
reason in both cases is that animal fat has to maintain a degree of malleability at the 
temperature of the tissue, which is influenced by ambient temperatures. Thus, the fats 
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of the feet and ears, which are inclined to be colder than the interior of the body, tend 
to be unsaturated. 

Ruminant milk fats are characterised by their high content of low-molecular- 
weight fatty acids, these sometimes forming as much as 20 per cent of the total acids 
present. As a result they are softer than the depot fats of the respective animals but 
not as soft as fats of vegetable and marine origin, being semi-solid at ordinary temper- 
atures. Milk fats of non-ruminants resemble the depot fat of the particular animal. 

In most commercially important edible plant oils, the dominant fatty acids are 
oleic, linoleic and linolenic acids. Coconut oil is an exception in having the saturated 
12:0 lauric acid as its major acid. Families of plants tend to produce characteristic 
oils that frequently contain unusual fatty acids. Examples are the erucic acid of rape- 
seed; ricinoleic acid, the 18-carbon, monoenoic, hydroxy acid of the castor bean; 
and vernolic acid, the 18-carbon, trienoic, epoxy acid of the Compositae. 


Essential fatty acids 


In 1930, linoleic (cis, cis-9,12-octadecadienoic) acid was shown to be effective in pre- 
venting the development of certain conditions in rats given diets almost devoid of fat. 
These animals showed a scaly appearance of the skin and suboptimal performance in 
growth, reproduction and lactation; eventually they died as a result of the deficient 
diet. More recent work has demonstrated a wide range of symptoms in a variety of 
animals, including some in human beings under certain circumstances (Table 3.3). 
Arachidonic (all cis 5,8,11,14-eicosatetraenoic) acid has been shown to have 
equivalent or even greater activity than linoleic acid, and linolenic (all cis 9,12,15- 
octadecadienoic) acid is about 1.5 times as effective as linoleic acid. Mammals cannot 
synthesise fatty acids with double bonds closer than carbon atom 9 from the terminal 
methyl group. Such acids have to be supplied in the diet. Linoleic acid (18:2n-6) and 
a-linolenic acid (18:3 n-3) are thus dietary essentials. Arachidonic acid is synthesised 
in the body from linoleic acid. However, one of the steps in the synthesis, a A-6 desat- 
uration, is rate-limiting and production may be slow and an exogenous supply advan- 
tageous (see Box 3.1). Linoleic and a-linolenic acids are referred to as the essential 
fatty acids (EFA). Like other polyunsaturated acids, they form part of various mem- 
branes and play a part in lipid transport and certain lipoprotein enzymes. In addition, 
they are the source materials for the synthesis of the eicosanoids. These include the 
prostaglandins, thromboxanes and leukotrienes, hormone-like substances that regulate 


Table 3.3 Symptoms associated with essential fatty acid deficiencies 


Growth retardation 

Increased permeability to water and increased water consumption 
Increased susceptibility to bacterial infections 
Sterility 

Less stable biomembranes 

Capillary fragility 

Kidney damage, haematuria and hypertension 
Decreased visual acuity 

Decreased myocardial contractility 

Decreased ATP synthesis in liver and heart 
Decreased nitrogen retention 


Fats 


Linoleic acid a-Linolenic acid 


y-Linolenic acid 


Dihomo-y-Linolenic acid Arachidonic acid Eicosapentenoic acid 
1-Series 2-Series l 
prostaglandins and prostaglandins, p gan š 

: prostacyclins and 
thromboxanes prostacyclins and 
x 3 thromboxanes 
3-Series leukotrienes thromboxanes 


3-Series leukotrienes 


Fig. 3.2 Relationship between the essential fatty acids and the eicosanoids. 


many functions, including blood clotting, blood pressure, smooth muscle contraction 
and the immune response. They are also the source of other important C29 acids in 
the form of eicosapentaenoic (EPA), hydroxy-eicosatrienoic (HETrR) and docosa- 
hexaenoic (DHA) acids. All are involved in maintaining the fluidity of mammalian 
cell membranes. EPA is the precursor of the 3-series of prostaglandins and thrombox- 
anes and the 5-series of leukotrienes. DHA is thought to play an important role in 
brain and retinal function, and EPA and HETrR have a modulating effect on the pro- 
duction of eicosanoids from arachidonic acid. The relationship between the essential 
fatty acids and the eicosanoids is illustrated in Fig. 3.2. 

The 1- and 3-series prostaglandins are anti-inflammatory and inhibit platelet ag- 
gregation, whereas the 2-series are pro-inflammatory and pro-aggregatory. The 1- and 
3-series thromboxanes mildly stimulate platelet aggregation and stimulate the con- 
traction of respiratory, intestinal and vascular smooth muscle, as do the leukotrienes. 
The 2-series thromboxanes have a much more powerful action in this respect. 

As a general rule, mammals are considered to have an EFA requirement of 3 per 
cent of the energy requirement (3en%) as linoleic acid, although estimates have 
ranged from 1 per cent to 15 per cent. Estimates for individual species have been 
more specific. Thus, The Nutrient Requirements of Pigs (see Further reading, Chap- 
ter 12) gives the requirements of pigs under 30 kg liveweight as 3en% as linoleic 
acid or 2en% as arachidonic acid. For pigs of 30-90 kg, the figures are 1.5en% as 
linoleic acid and 1en% as arachidonic acid. 


BOX 3.1 Long-chain fatty acid metabolism in cats 


Unlike other mammals, cats have a limited A6 desaturase activity. This enzyme is necessary in the 
conversion of linoleic acid and a-linolenic acid to other physiologically important PUFA such as 
arachidonic acid, EPA and DHA. The provision of diets deficient in preformed long-chain PUFA but 
containing linoleic acid and a-linolenic acid results in symptoms such as a dry coat, changes in 
platelet aggregation and an enlarged fatty liver. The limited A6 desaturase activity can be sufficient 
for maintenance and conception in adult cats, but for gestation, lactation and growth a dietary sup- 
ply of preformed n-6 and n-3 long-chain PUFAs, particularly arachidonic acid, is required. 
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The oilseeds are generally rich sources of linoleic acid, and linseed is a particularly 
good source of o-linolenic acid. Pigs and poultry, which normally have considerable 
quantities of oilseed residues in their diets, will, therefore, receive an adequate supply 
of the essential fatty acids. 

Ruminant animals are largely dependent on grasses and forages for their nutritional 
needs and are thereby supplied with liberal quantities of linoleic and a-linolenic acids. 
Although considerable hydrogenation of unsaturated acids to saturated takes place in the 
rumen, with consequent overall reduction of EFA supply (on average 85-95 per cent is lost 
between the mouth and the small intestine), the possibility of ruminants having a defi- 
ciency is remote. A certain proportion of dietary EFA escapes hydrogenation (approxi- 
mately 5-15 per cent of dietary intake) and this, allied to very efficient utilisation and 
conservation of EFA by ruminants, is enough to ensure adequacy under normal condi- 
tions. EFA deficiency is rare in human beings although, under certain conditions, it does 
occur in infants, elderly people and people taking drugs that inhibit lipid absorption. 


Properties of fats 


Hydrolysis 
Fats may be hydrolysed by boiling with alkalis to give glycerol and soaps: 
CH>.0.CO.R CH OH 
oe + 3KOH zs CHOH + 3R.COOK 
sss CH>OH 
Fat Glycerol Soap 


Such a hydrolysis is termed saponification since it produces soaps, which are sodium 
and potassium salts of the fatty acids. The process of fat breakdown may take place nat- 
urally under the influence of enzymes, collectively known as lipases, when it is termed 
lipolysis. The enzymes may have a certain specificity and preferentially catalyse hydrol- 
ysis at particular positions in the molecule. Removal of the fatty acid residue attached 
to carbon atom 2 of an acylglycerol is more difficult than those at positions 1 and 3. 
Under natural conditions, the products of lipolysis are usually mixtures of mono- and 
diacylglycerols with free fatty acids. Most of these acids are odourless and tasteless, but 
some of the lower ones, particularly butyric and caproic, have extremely powerful 
tastes and smells; when such a breakdown takes place in an edible fat, it may frequently 
be rendered completely unacceptable to the consumer. The lipases are mostly derived 
from bacteria and moulds, which are chiefly responsible for this type of spoilage, com- 
monly referred to as rancidity. Extensive lipolysis of dietary fats takes place in the duo- 
denum and during their absorption from the small intestine. Lipolysis also precedes the 
hydrogenation of fats in the rumen, and the oxidation of fats in the body. 


Oxidation 


The unsaturated fatty acids readily undergo oxidation at the carbon atom adjacent to 
the double bond to form hydroperoxides: 


— CH2.CH:CH.CH2.CH2. 
' 


OOH 


Fats 


These break down to give shorter-chain products, including free radicals, which then 
attack other fatty acids much more readily than does the original oxygen. More free 
radicals are produced, with the result that the speed of the oxidation increases expo- 
nentially. Eventually the concentration of free radicals becomes such that they react 
with each other and the reaction is terminated. Such a reaction, in which the prod- 
ucts catalyse the reaction, is described as autocatalytic. This particular reaction is an 
autoxidation. The formation of the free radicals is catalysed by ultraviolet light and 
certain metal ions, particularly copper, and the presence of either increases the rate 
of oxidation dramatically. 

The products of oxidation include shorter-chain fatty acids, fatty acid polymers, 
aldehydes (alkanals), ketones (alkanones), epoxides and hydrocarbons. The acids and 
alkanals are major contributors to the smells and flavours associated with oxidised 
fat, and they significantly reduce its palatability. The potency of these compounds is 
typified by deca-2,4 dienal, which is detectable in water at concentrations of as little 
as 1 in 10 000 million. 

Oxidation of saturated fatty acids results in the development of a sweet, heavy 
taste and smell commonly known as ketonic rancidity. This is due to the presence 
of the methyl ketones resulting from the oxidation, which may be represented as 
follows: 


CH3 CH3 CH3 
CH2 CH2 CH2 


CH? + O ——>— CH, ——ə= CH + CO? 


CH2 C:O C:O 
CH2 CH2 r 
COOH COOH 

Caproic acid Pentanone 


Similar reactions following mould-induced lipolysis are responsible for the char- 
acteristic flavours of various soft and blue cheeses. 


Antioxidants 


Natural fats possess a certain degree of resistance to oxidation, owing to the pres- 
ence of compounds termed antioxidants. These prevent the oxidation of unsatu- 
rated fats until they themselves have been transformed into inert products. A 
number of compounds have this antioxidant property, including phenols, 
quinones, tocopherols, gallic acid and gallates. In the European Union, propyl, 
octyl or dodecyl-gallate, butylated hydroxyanisole, butylated hydroxytoluene and 
ethoxyquin may be added to edible oils as antioxidants in amounts specified in the 
EC Community Register of Feed Additives 2009. Other substances such as syn- 
thetic a-, y- and -tocopherols and various derivatives of ascorbic acid may be 
used without limit. 

The most important naturally occurring antioxidant is vitamin E, which protects 
fat by preferential acceptance of free radicals. The possible effects of fat oxidation in 
diets in which vitamin E levels are marginal are of considerable importance. 
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Hydrogenation 

This is the process whereby hydrogen is added to the double bonds of the unsatu- 
rated acids of a fat, thereby converting them to their saturated analogues. Oleic acid, 
for example, yields stearic acid: 


CH2 

(CH2)7 
CH3 

CH + H | 

| | —— (CHo)i6 

CH H | 
COOH 

(CH2)7 

COOH 

Oleic acid Stearic acid 


The process (hardening) is important commercially for producing firm hard fats 
from vegetable and fish oils in the manufacture of margarine. The hardening results 
from the higher melting point of the saturated acids. For the rate of reaction to be prac- 
ticable, a catalyst has to be used, usually finely divided nickel. Hardening has the 
added advantage of improving the keeping quality of the fat, since removal of the dou- 
ble bonds eliminates the chief centres of reactivity in the material. 

Dietary fats consumed by ruminants first undergo hydrolysis in the rumen and 
this is followed by progressive hydrogenation of the unsaturated free fatty acids 
(mainly 18:2 and 18:3 acids) to stearic acid. This helps to explain the apparent anom- 
aly that, whereas their dietary fats are highly unsaturated, the body fats of ruminants 
are highly saturated. 

Hydrogenation results in the production not only of saturated acids but also of 
trans acids. In addition a redistribution of double bonds within the fatty acid chain 
takes place, accounting for the presence in ruminant fats of vaccenic (trans-11,18:1) 
and elaidic (trans-9,18:1) acids. A similar transformation occurs in the industrial hy- 
drogenation of plant and fish oils. Partially hydrogenated vegetable oils, for example, 
commonly contain 3-5 g trans acids/100 g of the total fatty acids, and partially hy- 
drogenated fish oils about 20 g. 

Digestion, absorption and metabolism of the trans acids is comparable with that 
of their counterparts. They have higher melting points than their cis analogues and 
their incorporation into ruminant body fats contributes to the hardness of the latter. 
Trans acids do not possess essential fatty acid activity, but there is evidence that 
some may enter pathways leading to eicosanoid formation and give rise to sub- 
stances of unknown physiological effects. There is evidence, too, that they decrease 
the activity of the desaturases involved in EFA metabolism. However, it would ap- 
pear that, as long as EFA intake is adequate and trans acids intake is not excessive, 
they do not have any significant effect on EFA status. Trans fatty acids, particularly 
those produced from the partial hydrogenation of vegetable oils (PHVO), have also 
been associated with an increased risk of cardiovascular disease, cancer, inflamma- 
tion and type II diabetes. This has led in the USA to the requirement for the trans 
fatty acid content of food to be included on the labelling, with a view to eliminating 
trans fatty acids from the human diet. The profile of trans fatty acids in ruminant 
products is, however, quite different from that of PHVO, and there is evidence that 


3.3 


Glycolipids 


some of these, such as trans-11, 18:1 (vaccenic acid) and cis-9,trans-11 conjugated 
linoleic acid (rumenic acid), which are found in ruminant milk and meat, have bene- 
ficial effects on reducing diseases such as cancer and atherosclerosis. 


GLYCOLIPIDS 


In these compounds two of the alcohol groups of the glycerol are esterified by fatty 
acids and the other is linked to a sugar residue. The lipids of grasses and clovers, 
which form the major part of the dietary fat of ruminants, are predominantly (about 
60 per cent) galactolipids. Here the sugar is galactose and we have: 


CH2OH 
°) 
(0) O— CH2 
CHOCOR 
OH | 
CH2OCOR 
OH 
Galactolipid 
Galactolipids 


The galactolipids of grasses are mainly of the monogalactosyl type illustrated above, 
but smaller quantities of the digalactosyl compounds are also present. These have two 
galactose residues at the first carbon atom. The fatty acids of the galactosides of grasses 
and clovers consist largely of linoleic and a-linolenic acids, as shown in Table 3.4. 

Rumen microorganisms are able to break down the galactolipids to give galactose, 
fatty acids and glycerol. Preliminary lipolysis appears to be a prerequisite for the 
galactosyl glycerides to be hydrolysed by the microbial galactosidases. 

In animal tissues, glycolipids are present mainly in the brain and nerve fibres. The 
glycerol of the plant glycolipids is here replaced as the basic unit by the nitrogenous 
base sphingosine: 


OHNH> 
| 


| 
CH3.(CH>)12.CH:CH.CH.CH.CH2OH 


Sphingosine 


Table 3.4 Fatty acid composition of some forage lipids (g/100 g) 


Perennial ryegrass Cocksfoot Red clover White clover Pasture 
14:0 2.0 2.0 1.0 1.1 1.7 
16:0 20.9 20.8 15.4 16.8 19.7 
16:1 1.0 1.0 0.1 0.2 0.8 
18:0 4.4 3.1 2.3 1.9 3.5 
18:1 5.1 2.6 2.3 2.1 4.0 
18:2 13.2 15.0 20.8 19.6 15.3 
18:3 51.6 52.8 59.5 59.7 54.1 
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In their simplest form, the cerebrosides, the glycolipids have the amino group of 
the sphingosine linked to the carboxyl group of a long-chain fatty acid and the ter- 
minal alcohol group to a sugar residue, usually galactose. The typical structure is: 


Acid 
OHNH—CO.R o 
| | 
Sphingosine Galactose 


More complex substances, the gangliosides, are found in the brain. They have the 
terminal alcohol group linked to a branched chain of sugars with sialic acid as the 
terminal residue of at least one of the chains. 


PHOSPHOLIPIDS 


The role of the phospholipids is primarily as constituents of the lipoprotein com- 
plexes of biological membranes. They are widely distributed, being particularly 
abundant in the heart, kidneys and nervous tissues. Myelin of the nerve axons, for 
example, contains up to 55 per cent of phospholipid. Eggs are one of the best animal 
sources and, among the plants, soya beans contain relatively large amounts. The 
phospholipids contain phosphorus in addition to carbon, hydrogen and oxygen. 


Phosphoglycerides 


These are esters of glycerol in which only two of the alcohol groups are esterified by 
fatty acids, with the third esterified by phosphoric acid. The parent compound of the 
phosphoglycerides is, thus, phosphatidic acid, which may be regarded as the simplest 
phosphoglyceride. 


CH>.0.CO.R; 


CH.O.CO.R> 
o 


CH>.0.P.0H 
| 
OH 


Phosphatidic acid 


Phosphoglycerides are commonly referred to as phosphatides. In the major biolog- 
ically important compounds, the phosphate group is esterified by one of several alco- 
hols, the commonest of which are serine, choline, glycerol, inositol and ethanolamine. 
The chief fatty acids present are the 16-carbon saturated and the 18-carbon saturated 
and monoenoic, although others with 14-24 carbon atoms do occur. The most com- 
monly occurring phosphoglycerides in higher plants and animals are the lecithins and 
the cephalins. 


Phospholipids 


Lecithins 


Lecithins have the phosphoric acid esterified by the nitrogenous base choline and 
are more correctly termed phosphatidylcholines. A typical example would have the 
formula: 


CH2.0.CO.C415H31 
CH.O.CO.C17H33 
CH2.0. PO3.CH2.CH2.N+(CH3)3 


Lecithin 


The fatty acid residues at sn-1 are mostly palmitic (16:0) or stearic (18:0) acid. At 
sn-2 they are primarily oleic (18:1), linoleic (18:2) or a-linolenic (18:3) acid. 


Cephalins 


Cephalins differ from the lecithins in having ethanolamine instead of choline and 
are correctly termed phosphatidylethanolamines. Ethanolamine has the following 
formula: 


NH2 


| 
CH2.CH2OH 


The fatty acids at sn-1 are the same as in lecithin, but those at sn-2 are unsatu- 
rated, mainly linoleic, eicosatetraenoic and docosahexaenoic acid. 

Phosphoglycerides are white waxy solids that turn brown when exposed to the 
air, owing to oxidation followed by polymerisation. When placed in water, the phos- 
phoglycerides appear to dissolve. However, the true solubility is very low, the appar- 
ent solubility being due to the formation of micelles. 

Phosphoglycerides are hydrolysed by naturally occurring enzymes, the phospho- 
lipases, which specifically cleave certain bonds within the molecule to release fatty 
acids, the phosphate ester, the alcohol and glycerol. The release of choline, when fol- 
lowed by further oxidative breakdown, has been considered to be responsible for the 
development of fishy taints by the release of the trimethyl amine group or its oxide; 
currently these taints are considered to be the result of fat oxidation and not of 
lecithin breakdown. 

The phosphoglycerides combine within the same molecule both the hydrophilic 
(water-loving) phosphate ester groups and the hydrophobic fatty acid chains. They 
are therefore surface-active and play a role as emulsifying agents in biological sys- 
tems, for example in the duodenum. Their surface-active nature also explains their 
function as constituents of various biological membranes. 


Sphingomyelins 


Sphingomyelins belong to a large group, the sphingolipids, which have sphingosine 
instead of glycerol as the parent material. They differ from the cerebrosides in having 
the terminal hydroxyl group linked to phosphoric acid instead of a sugar residue. The 
phosphoric acid is esterified by either choline or ethanolamine. The sphingomyelins 
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3.5 


also have the amino group linked to the carboxyl group of a long-chain fatty acid by 
means of a peptide linkage: 


Sphingosine Phosphoryl choline 


CHs.(CH>),2.CH:CH.CHOH.CH.CHə2.O.POs .CH>2.CH2>.N*(CHs)s 
NH.CO.R 
Sphingomyelin 


Like the lecithins and cephalins, the sphingomyelins are surface-active and are 
important as components of membranes, particularly in nervous tissue. They may 
constitute up to 25 per cent of the total lipid in the myelin sheath that protects the 
nerve cells, but they are absent from, or present only in very low concentrations in, 
energy-generating tissue. 


Ether phospholipids 


Ether phospholipids are glycerol-based but have an alkyl rather than an acyl group 
at carbon atom 1, as is the case in the glycerides. Typical are the plasmologens, which 
have a vinyl ether grouping as shown here: 


CH.0.CH:CH.R 


CH.O.CO.R 


| 
CH2.0.P03°.CH2.CH2.NH3t 


Such compounds may form up to 50 per cent of the phospholipids of heart tissue, 
but their function is unclear. An ether phospholipid called platelet activating factor is 
a highly potent aggregator of blood platelets. 


WAXES 


Waxes are simple, relatively non-polar lipids consisting of a long-chain fatty acid 
combined with a monohydric alcohol of high molecular weight. They are usually 
solid at ordinary temperatures. The fatty acids present in waxes are those found in 
fats, although acids lower than lauric acid are very rare; higher acids such as car- 
naubic (C23H47.COOH) and mellissic (C39H¢1.COOH) acid may also be present. The 
most common alcohols found in waxes are carnaubyl (C24H49.OH) and cetyl 
(C1¢6H330H) alcohol. 

Natural waxes are usually mixtures of a number of esters. Beeswax is known to 
consist of at least five esters, the main one being myricyl palmitate: 


C,5H3;. COOH + C31H630H > Cys5H3;.COOC31H¢3 + H,O 


Waxes are widely distributed in plants and animals, where they often have a protec- 
tive function. The hydrophobic nature of the wax coating reduces water losses caused 
by transpiration in plants, and provides wool and feathers with waterproofing in 
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Steroids 


animals. Among better-known animal waxes are lanolin, obtained from wool, and 
spermaceti, a product of marine animals. In plants, waxes are usually included in the 
cuticular fraction, where they form a matrix in which cutin and suberin are embedded. 
The term wax is used here in the collective sense and, although true waxes are always 
present, the major part is made up of a complex mixture of substances. Alkanes (from 
C21 to C37) make up a large proportion of the whole, with odd-chain compounds pre- 
dominating. Branched-chain hydrocarbons, aldehydes, free fatty acids (from C2 to 
C36) and various ketols are commonly occurring though minor constituents. Free alco- 
hols are usually of minor importance but may form up to half of some waxes. 

Cutin is a mixture of polymers of C16 and Cas monomers, commonly 16-hydrox- 
ypalmitic and 10,16-dihydroxypalmitic acids. Phenolic constituents such as para- 
coumaric and ferulic acids are usually present, but in small amounts only. Suberin is 
found in the surfaces of the underground parts of plants and on healed wound sur- 
faces. The major aliphatic constituents are w-hydroxy acids, the corresponding dicar- 
boxylic acids and very-long-chain acids and alcohols. There are also substantial 
amounts of phenolic substances, mainly p-coumaric acid, which form a phenolic core 
to which the acids are attached. Both cutin and suberin are highly resistant to break- 
down and are not of any significant nutritional value. The waxes, too, are resistant to 
breakdown and are poorly utilised by animals. Their presence in foods in large 
amounts leads to high ether extract figures and may result in the nutritive value 
being overestimated. 


STEROIDS 


The steroids include such biologically important compounds as the sterols, the bile 
acids, the adrenal hormones and the sex hormones. They have a common structural 
unit of a phenanthrene nucleus linked to a cyclopentane ring (Fig. 3.3). 

The individual compounds differ in the number and positions of their double 
bonds and in the nature of the side chain at carbon atom 17. 


Sterols 


These have eight to ten carbon atoms in the side chain, an alcohol group at carbon 
atom 3, but no carbonyl or carboxyl groups. They may be classified into: 


the phytosterols of plant origin; 
the mycosterols of fungal origin; 
the zoosterols of animal origin. 


Phenanthrene Cyclopentane 
nucleus ring 


Fig. 3.3 Basic steroid structural unit. 
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The phytosterols and the mycosterols are not absorbed from the gut and are not 
found in animal tissues. 


Cholesterol 


Cholesterol is a zoosterol that is present in all animal cells. It has a low solubility in 
water, about 0.2 mg/100 ml. It is the major sterol in human beings and is important as 
a constituent of various biological membranes. It is particularly important in the 
myelinated structures of the brain and central nervous system and may constitute up 
to 170 g/kg. It is the precursor of the steroid hormones. It is also the precursor of the 
bile acids. 

Normal concentrations in the blood plasma are in the range 1200-2200 mg/l. 
Some 30 per cent of this is in the free state, the remainder being bound to 
lipoproteins. These are complexes of proteins and lipids held together by non-co- 
valent bonds. Each has a characteristic size, molecular weight, chemical composi- 
tion and density. They are classified on the basis of their density. The five classes, 
of which one, the chylomicrons, occurs only in the post-absorptive state, are 
shown in Table 3.5. 

In the plasma, the lipoproteins exist as spherical structures with a core of triacyl- 
glycerols and cholesterol esters. This is surrounded by a shell, about 20 A thick, con- 
taining proteins, unesterified cholesterol and phosphatidylcholines. Since they have 
a greater surface to volume ratio, the smaller particles have a higher protein to lipid 
ratio and are more dense. Thus, the HDLP fraction has about 45 per cent protein and 
55 per cent lipid, whereas the VLDLP fraction has about 10 per cent protein and 
90 per cent lipid. Cholesterol is very insoluble and prolonged high levels in blood re- 
sult in its deposition on the walls of the blood vessels. These deposits eventually 
harden to atherosclerotic plaque. This narrows the blood vessel and serves as a site 
for clot formation and may precipitate myocardial infarction or heart attack. 

There is strong evidence that the risk of coronary heart disease is directly related 
to the plasma concentration of LDL-cholesterol and inversely related to that of 
HDL-cholesterol, and that the risk is reduced significantly by lowering elevated 
serum cholesterol levels. It has been known for many years that one of the most im- 
portant dietary factors regulating serum cholesterol levels is the ratio of polyunsatu- 
rated fatty acids (PUFA) to saturated fatty acids (SFA). The SFA increase and the 
PUFA decrease cholesterol levels, except for the trans PUFA, which have a similar 
effect to the SFA. A ratio of 0.5-0.9 SFA : PUFA is considered to be satisfactory. It is 


Table 3.5 Density-based classes of lipoproteins 


Class Density (g/ml) Molecular weight Diameter (A) 
(daltons) 

High-density lipoproteins 1.063-1.210 4-2 x 10° 50-130 (HDLP) 
Low-density lipoproteins 1.019-1.063 2x 10° 200-280 (LDLP) 
Intermediate-density 

lipoproteins (IDLP) 1.006-1.019 4.5 x 106 250 
Very low-density 

lipoproteins (VLDLP) 0.95-1.006 5 x 106-107 250-750 
Chylomicrons <0.95 10°-101° 103-104 


Steroids 


important to appreciate that the different families of PUFA atfect lipid metabolism in 
different ways. Thus, the w-6 acids significantly decrease serum cholesterol levels and 
have a minor effect only on triacylglycerol levels, whereas the w-3 acids have a 
minor effect on serum cholesterol but significantly lower triacylglycerol levels. This is 
important in the light of recent evidence that high serum triacylglycerol level per se 
is an important risk factor in coronary heart disease. The w-3 acids are the precursors 
of the 3-series of prostaglandins and thromboxanes. The former strongly inhibit 
platelet aggregation and the latter are weakly pro-aggregating. The w-6 acids are pre- 
cursors of the 2-series of prostaglandins and thromboxanes, the former being 
strongly pro-aggregating and the latter weakly anti-aggregating. On balance, from 
this point of view, the w-3 acids may be regarded as having a more beneficial effect 
than the w-6 acids. They have a further beneficial effect in that they inhibit the trans- 
formation of the w-6 acids to their eicosanoid products. 


7-Dehydrocholesterol 


This substance, which is derived from cholesterol, is important as the precursor 
of vitamin D3, which is produced when the sterol is exposed to ultraviolet light 
(Fig. 3.4). 


CgHi7 CgHi7 
CH3 CH3 
CH3 Ë 
— | 
N 
OH OH 
7-Dehydrocholesterol Cholecalciferol 
(vitamin D3) 


Fig. 3.4 Formation of vitamin D3. 


This is a good illustration of how relatively small changes in chemical structure 
may bring about radical changes in physiological activity. 


Ergosterol 

This phytosterol is widely distributed in brown algae, bacteria and higher plants. It is 
important as the precursor of ergocalciferol or vitamin D2, into which it is converted 
by ultraviolet irradiation. The change is the same as that which takes place in the for- 
mation of vitamin D3 from 7-dehydrocholesterol and involves opening of the second 
phenanthrene ring. 


Bile acids 


The bile acids have a five-carbon side chain at carbon atom 17 which terminates in a 
carboxyl group bound by an amide linkage to glycine or taurine (Fig. 3.5). 
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CH3 OH 


| 
OH CH.(CH>).C.N.CH2.COOH 


CH3 


OH OH 


Fig. 3.5 Glycocholic acid. 


The bile acids are synthesised from cholesterol and this constitutes the major end 
point of cholesterol metabolism. Under physiological conditions the acids exist as 
salts. They are produced in the liver, stored in the gall bladder and secreted into the 
upper small intestine. They are important in several ways: 


They provide the major excretory pathway for cholesterol, which cannot be 
catabolised to carbon dioxide and water by mammals. Bile contains high concen- 
trations of free cholesterol, about 390 mg/100 ml. 

The bile salts assist, along with the detergent action of phospholipids, in prevent- 
ing the cholesterol in the bile fluid from crystallising out of solution. 

They act as emulsifying agents in preparing dietary triacylglycerols for hydrolysis, 
by pancreatic lipase, in the process of digestion. 

They may have a role in activating pancreatic lipase. 

They facilitate the absorption, from the digestive tract, of the fat-soluble vitamins. 


Steroid hormones 


These include the female sex hormones (oestrogens), the male sex hormones (andro- 
gens) and progesterone, as well as cortisol, aldosterone and corticosterone, which are 
produced in the adrenal cortex. The adrenal hormones have an important role in the 
control of glucose and fat metabolism. 


TERPENES 


Terpenes are made up of a number of isoprene units linked together to form chains 
or cyclic structures. Isoprene is a five-carbon compound with the following structure: 


CH 2:C.CH:CH> 


CH3 


Isoprene 


Many terpenes found in plants have strong characteristic odours and flavours and 
are components of essential oils such as lemon or camphor oil. The word ‘essential’ 
is used to indicate the occurrence of the oils in essences and not to imply that they 
are required by animals. Among the more important plant terpenes are the phytol 


Questions 


moiety of chlorophyll, the carotenoid pigments, plant hormones such as giberellic 
acid and vitamins A, E and K. In animals, some of the coenzymes, including those of 
the coenzyme Q group, are terpenes. 


SUMMARY 


1. Lipids are a group of substances that are 
insoluble in water but soluble in common 
organic solvents. They include the fats and 
oils, the glycolipids, the phospholipids, the 
lipoproteins, the steroids and the terpenes. 


2. Fats and oils are major sources of stored en- 
ergy in both plants and animals. They are es- 
ters of fatty acids with glycerol. Their physical 
and chemical nature is determined by their 
fatty acid composition; high-molecular- 
weight saturated acids confer chemical stabil- 
ity and physical hardness, whereas 
unsaturated acids confer chemical reactivity 
and physical softness. 


3. Linoleic and linolenic acids are termed the es- 
sential fatty acids, although only linoleic acid 
is considered truly a dietary essential. They 
are the source materials of the eicosanoids, 
which include the prostaglandins, the throm- 
boxanes and the leukotrienes. 


4. Phospholipids are phosphorus-containing 
compounds based on fatty acids esterified 
with glycerol or a nitrogenous base. They are 
important as constituents of the lipoprotein 
complexes of biological membranes. 


QUESTIONS 


. Waxes are mixtures of esters of high-molecular- 


weight fatty acids with high-molecular- 
weight alcohols. They are chemically inert, 
have little or no nutritive value, and are 
mainly protective in function. 


. The steroids have a basic structural unit of a 


phenanthrene nucleus linked to a cyclopen- 
tane ring. They include the sterols, the bile 
acids and the adrenal and sex hormones. 


. Cholesterol is the precursor of many sterols. It 


is present in all animal cells and is particularly 
important in the myelinated structures of the 
brain and nervous tissue. There is strong evi- 
dence that the risk of coronary heart disease 
is directly related to the concentration of low- 
density lipoprotein cholesterol in the blood. 


. 7-Dehydrocholesterol and ergosterol are im- 


portant as the precursors of vitamins D3 and 
D>, respectively. 


. The lipids in the form of triacylglycerols, 


cholesterol esters, low-density lipoproteins 
and the lipid-derived eicosanoids are inti- 
mately involved in the aetiology of heart 
disease. 


3.1 Discuss how the structure of an individual fatty acid affects its function within 
the body of domesticated animals. 


3.2 Discuss the difference in structure and function between triglycerides, phos- 
phoglycerides and sphingomyelins in animal tissues. 


3.3 Discuss why the diet of ruminants is generally high in polyunsaturated fatty 
acids, and yet ruminant meat and milk are generally low in polyunsaturated 
fatty acids and high in saturated fatty acids. 


3.4 Discuss the role and function of steroids in the body of domesticated 


animals. 


51 


Chapter 3 Lipids 


52 


FURTHER READING 


Garton G A 1969 Lipid metabolism of farm animals. In: Cuthbertson D P (ed.) Nutrition of 
Animals of Agricultural Importance, Oxford, Pergamon Press. 

Harwood J L 1997 Plant lipid metabolism. In: Dey P M and Harborne J (eds) Plant Biochem- 
istry, London, Academic Press. 

Palmquist D L 1988 The feeding value ot fats. In: @rskov E R (ed.) World Animal Science, 
Amsterdam, Elsevier. 

Devlin T M (ed.) 2002 Textbook of Biochemistry with Clinical Correlations, 5th edn, New 
York, Wiley-Liss. 


4.1 


4.2 


Proteins, nucleic acids and other 
nitrogenous compounds 


4.1 Proteins 
4.2 Amino acids 
4.3 Peptides 
4.4 Structure of proteins 
4.5 Properties of proteins 
4.6 Classification of proteins 
4.7 Nucleic acids 
4.8 Other nitrogenous compounds 
4.9 Nitrates 
4.10 Alkaloids 


PROTEINS 


Proteins are complex organic compounds of high molecular weight. In common with 
carbohydrates and fats they contain carbon, hydrogen and oxygen, but in addition 
they all contain nitrogen and generally sulphur. 

Proteins are found in all living cells, where they are intimately connected with all 
phases of activity that constitute the life of the cell. Each species has its own specific 
proteins, and a single organism has many different proteins in its cells and tissues. It 
follows therefore that a large number of proteins occur in nature. 


AMINO ACIDS 


Amino acids are produced when proteins are hydrolysed by enzymes, acids or alka- 
lis. Although over 200 amino acids have been isolated from biological materials, 
only 20 of these are commonly found as components of proteins. 

Amino acids are characterised by having a basic nitrogenous group, generally an 
amino group (-NH)), and an acidic carboxyl unit (-COOH). Most amino acids oc- 
curring naturally in proteins are of the a type, having the amino group attached to 
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the carbon atom adjacent to the carboxyl group, and can be represented by the 
general formula: 


NH2 
| 
R—C—H 
| 


COOH 


The exception is proline, which has an imino (-NH) instead of an amino group. 
The nature of the R group, which is referred to as the side chain, varies in different 
amino acids. It may simply be a hydrogen atom, as in glycine, or it may be a more 
complex radical containing, for example, a phenyl group. 

The chemical structures of the 20 amino acids commonly found in natural proteins 
are shown in Table 4.1. 


Special amino acids 


Some proteins contain special amino acids that are derivatives of common amino 
acids. For example, collagen, the fibrous protein of connective tissue, contains hy- 
droxyproline and hydroxylysine, which are the hydroxylated derivatives of proline 
and lysine, respectively. 


CH2NH> 
i 
HO—CH——CH> e 
Q, Cu coon CH2 
NH2CHCOOH 
Hydroxyproline Hydroxylysine 


Two iodine derivatives of tyrosine, triiodothyronine and tetraiodothyronine 
(thyroxine), act as important hormones in the body and are also amino acid compo- 
nents of the protein thyroglobulin (see p. 127). 


Triiodothyronine 
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Table 4.1 Amino acids commonly found in proteins 


Amino acids 


Monoamino-monocarboxylic acids 


Glycine NH2CH2COOH 


CH3 


Alanine NH2CHCOOH 


Valine NH2CHCOOH 


CH CH 
A po 
CH 


CH2 


Leucine NH2CHCOOH 


Sulpur-containing amino acids 


CH>SH 


Cysteine NH2CHCOOH 


CH;OH 


Serine NH>2CHCOOH 


CHs 
| 


HCOH 


Threonine NH2CHCOOH 


Isoleucine 


CH3 


CH2 
CH2 


Methionine NH2CHCOOH 


Monoamino-dicarboxylic acids and their amine derivatives 


COOH 
| 
CH2 


Aspartic acid NH »CHCOOH 


CO—NH) 
| 
CH2 


Asparagine NH2CHCOOH 


Glutamic acid NH;j;CHCOOH 


CO — NH2 

CH2 

Las 
Glutamine NH2CHCOOH 
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Table 4.1 Continued 


Basic amino acids 
CH2NH2 HC——N 
CH2 Sw 
| A 
‘ie C— NH 
| 


"ie CH2 


Lysine NH2CHCOOH Histidine NH2CHCOOH 


Arginine NH2CHCOOH 


Aromatic and heterocyclic amino acids 


OH 
CH2 CH2 
| 
Phenylalanine NH2CHCOOH Tyrosine NH2CHCOOH 
Bos 
Hc“ C C— CH2 — CH— COOH 
| | Il | 
HC. C CH NH> 
Sey i 
Tryptophan H 


CH2 


CH2 -CH—COOH 


CH2 


N 
Proline H 


Amino acids 


wt So \ ots coon 


Tetraiodothyronine (thyroxine) 


A derivative of glutamic acid, y-carboxyglutamic acid, is an amino acid present in 
the protein thrombin. This amino acid is capable of binding calcium ions and plays an 
important role in blood clotting (see p. 86). 


HOOC COOH 
SZ 
CH 


| 
CH2 
NH2CHCOOH 
y-Carboxyglutamic acid 


The amino acid y-aminobutyric acid functions in the body as a neurotransmitter. 
It is also found in silage as a fermentation product of glutamic acid (see p. 502). 


NH2CH2CH2CH2COOH 


y-Aminobutyric acid 


The sulphur-containing amino acid cysteine also requires special mention. It may 
occur in protein in two forms, either as itself or as cystine, in which two cysteine 
molecules are joined together by a disulphide bridge: 


CH) —-S—S— CH: 
NH CHCOOH NH CHCOOH 


Cystine 


Properties of amino acids 


Because of the presence of an amino group and a carboxyl group, amino acids are 
amphoteric, i.e. they have both basic and acidic properties. Molecules such as these, 
with basic and acidic groups, may exist as uncharged molecules, or as dipolar ions 
with opposite ionic charges, or as a mixture of these. Amino acids in aqueous solution 
exist as dipolar ions or zwitter ions (from the German Zwitter, a hermaphrodite): 


NH3* 

| 
R—C—H 

| 


COO` 
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In a strongly acid solution an amino acid exists largely as a cation, while in alka- 
line solution it occurs mainly as an anion. There is a pH value for a given amino 
acid at which it is electrically neutral; this value is known as the isoelectric point. 
Because of their amphoteric nature, amino acids act as buffers, resisting changes 
in pH. 

All the a-amino acids except glycine are optically active. As with the carbohy- 
drates (see Chapter 2), amino acids can take two mirror image forms, D- and L-. 


COOH COOH 
are nee ae 
k k 
p-Amino acid L-Amino acid 


All the amino acids involved in protein structure have an L-configuration of 
the carbon atom. If supplied in the D-form, some amino acids can be converted to 
the L-form by deamination of the amino acid to the keto acid and reamination to the 
L-form (see Chapter 9). 


Essential amino acids 


Plants and many microorganisms are able to synthesise proteins from simple nitroge- 
nous compounds such as nitrates. Animals cannot synthesise the amino group, and in 
order to build up body proteins they must have a dietary source of amino acids. Cer- 
tain amino acids can be produced from others by a process known as transamination 
(see Chapter 9), but the carbon skeletons of a number of amino acids cannot be syn- 
thesised in the animal body; these are referred to as essential or indispensible amino 
acids. 

Most of the early work in determining which amino acids could be classed as es- 
sential was carried out with rats fed on purified diets. The following ten essential 
amino acids are required for growth in the rat: 


Arginine Methionine 
Histidine Phenylalanine 
Isoleucine Threonine 
Leucine Tryptophan 
Lysine Valine 


The chick requires a dietary supply of the ten amino acids listed above but in ad- 
dition needs a dietary source of glycine. Birds require arginine because their metab- 
olism does not include the urea cycle (see Chapter 9), which would normally supply 
this amino acid. The list of essential amino acids required by the pig is similar to 
that for the rat, with the exception of arginine, which can be synthesised by the pig. 
It has been reported that rapidly growing animals may respond to arginine because 
the very active metabolism of the liver results in little of the amino acid being avail- 
able to the general circulation. Cats require a dietary supply of arginine, owing to 
their limited ability to synthesise ornithine from glutamate, and a deficiency of argi- 
nine results in the accumulation of ammonia from denatured amino acids in the 
blood. Cats also require the B-sulphonic amino acid taurine in their diet as they are 


4.3 


Peptides 


unable to synthesise this from cysteine. Taurine is required for bile acid conjugation 
(see p. 49). Poultry have a limited capacity to synthesise proline. The actual dietary 
requirement of certain essential amino acids is dependent upon the presence of 
other amino acids. For example, the requirement for methionine is partially de- 
pendent on the cysteine content of the diet (see p. 312). 

In the case of the ruminant, all the essential amino acids can be synthesised by 
the rumen microorganisms, which theoretically makes this class of animal inde- 
pendent ol a dietary source once the rumen microorganisms have become estab- 
lished. However, the supply of amino acids from microbial protein is limiting in 
quantity and quality for maximum rates of growth in young animals and for maxi- 
mum milk production. The biological value (see Chapter 13) of microbial protein is 
limited by its content of certain essential amino acids, particularly lysine and me- 
thionine. For maximum productivity the microbial protein must be supplemented 
with a supply of dietary amino acids, from foods or synthetic amino acids, in a 
suitable form that is not degraded by the microorganisms in the rumen (see 
Chapter 8). 


PEPTIDES 


Peptides are built up from amino acids by means of a linkage between the a-carboxyl 
of one amino acid and the a-amino group of another acid, as shown here: 


H R O H R O 

| | | | | | 

H—N—C—C—OH + H—N—C—C—OH 
| | 

H 


H 


H R O H R O 
| | H l| | | 
H—N—C—C—N—C—C—OH + HO 
| | 


H H 


This type of linkage is known as the peptide linkage; in the example shown, a 
dipeptide has been produced from two amino acids. Large numbers of amino acids 
can be joined together by this means, with the elimination of one molecule of water 
at each linkage, to produce polypeptides. 

Besides being important building blocks in the construction of proteins, some 
peptides possess their own biological activity. Milk, in particular, is a source of many 
biologically active peptides. The enzymatic hydrolysis of the milk protein casein re- 
leases opioid peptides, which have pharmacological activities such as analgesia and 
sleep-inducing effects. Other peptides derived from casein are involved in calcium 
flow in tissues and modification of the immune system response. Other milk peptides 
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stimulate growth of desirable bacteria and suppress harmful bacteria, and some act 
as growth factors for intestinal cells. 

Other peptides, including bombesin, enterostatin, glucagon and leptin, are impor- 
tant in the control of food intake. 

Peptides play an important role in the flavour and sensory properties of foods 
such as yeast extract, cheese and fruit juices. 


STRUCTURE OF PROTEINS 


For convenience the structure of proteins can be considered under four basic 
headings. 


Primary structure 


The sequence of amino acids along the polypeptide chain of a protein, as described 
above, is called the primary structure of the protein. 


Secondary structure 


The secondary structure of proteins refers to the conformation of the chain of amino 
acids resulting from the formation of hydrogen bonds between the imino and car- 
bony] groups of adjacent amino acids, as shown in Fig. 4.1. 

The secondary structure may be regular, in which case the polypeptide chains 
exist in the form of an a-helix or a B-pleated sheet, or it may be irregular and exist 
as, for example, a random coil. 


Tertiary structure 


The tertiary structure describes how the chains of the secondary structure further in- 
teract through the R groups of the amino acid residues. This interaction causes fold- 
ing and bending of the polypeptide chain, the specific manner of the folding giving 
each protein its characteristic biological activity. 


ro RAT 1 
N c ` N C 
Z NE W S Se 
Vi ⁄ N 
H R 


R H 


Fig. 4.1 Configuration of polypeptide chain. Dotted lines represent possible 
hydrogen bonds. 
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Classification of proteins 


Quaternary structure 


Proteins possess quaternary structure if they contain more than one polypeptide 
chain. The forces that stabilise these aggregates are hydrogen bonds and electrostatic 
or salt bonds formed between residues on the surfaces of the polypeptide chains. 


PROPERTIES OF PROTEINS 


All proteins have colloidal properties; they differ in their solubility in water, ranging 
from insoluble keratin to albumins, which are highly soluble. Soluble proteins can be 
precipitated from solution by the addition of certain salts such as sodium chloride or 
ammonium sulphate. This is a physical effect and the properties of the proteins are 
not altered. On dilution the proteins can easily be redissolved. 

Although the amino and carboxyl groups in the peptide linkage are non- 
functional in acid-base reactions, all proteins contain a number of free amino and 
carboxyl groups, either as terminal units or in the side chain of amino acid residues. 
Like amino acids, proteins are therefore amphoteric. They exhibit characteristic iso- 
electric points and have buffering properties. 

All proteins can be denatured or changed from their natural state. Denaturation 
has been defined by Neurath and coworkers as ‘any non-proteolytic modification of 
the unique structure of a native protein, giving rise to definite changes in chemical, 
physical or biological properties’. Products of protein hydrolysis are not included 
under this term. Several agents can bring about denaturation of proteins; these 
include heat, acids, alkalis, alcohols, urea and salts of heavy metals. The effect of 
heat on proteins is of special interest in nutrition as this results in new linkages 
within and between peptide chains. Some of these new linkages resist hydrolysis by 
proteases produced in the digestive tract and impede their access to adjacent pep- 
tide bonds. 

Susceptibility of proteins to heat damage is increased in the presence of various 
carbohydrates, owing to the occurrence of Maillard-type reactions, which initially in- 
volve a condensation between the carbonyl group of a reducing sugar with the free 
amino group of an amino acid or protein. Lysine is particularly susceptible. With in- 
creasing severity of heat treatment, further reactions involving protein side chains 
can occur and result in the browning of foods. The dark coloration of overheated 
hays and silages is symptomatic of these types of reaction. 


CLASSIFICATION OF PROTEINS 


Proteins may be classified into two main groups: simple proteins and conjugated 
proteins. 


Simple proteins 


These proteins produce only amino acids on hydrolysis. They are subdivided into 
two groups, fibrous and globular proteins, according to shape, solubility and chemi- 
cal composition. 
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Fibrous proteins 


These proteins, which in most cases have structural roles in animal cells and tissues, 
are insoluble and are very resistant to animal digestive enzymes. They are composed 
of elongated filamentous chains joined together by cross-linkages. The group in- 
cludes collagens, elastin and keratins. 

Collagens are the main proteins of connective tissues and constitute about 30 per 
cent of the total proteins in the mammalian body. As mentioned earlier (p. 54), the 
amino acid hydroxyproline is an important component of collagen. Hydroxylation 
of proline to hydroxyproline involves vitamin C; if this vitamin is deficient, collagen 
fibres are weakened and may give rise to gum and skin lesions (see p. 100). The in- 
dispensable amino acid tryptophan is not found in these proteins. 

Elastin is the protein found in elastic tissues such as tendons and arteries. The 
polypeptide chain of elastin is rich in alanine and glycine and is very flexible. It con- 
tains cross-links involving lysine side chains, which prevent the protein from extend- 
ing excessively under tension and allow it to return to its normal length when 
tension is removed. 

Keratins are classified into two types. The o-keratins are the main proteins of 
wool and hair. The B-keratins occur in feathers, skin, beaks and scales of most birds 
and reptiles. These proteins are very rich in the sulphur-containing amino acid cys- 
teine; wool protein, for example, contains about 4 per cent of sulphur (see p. 373). 


Globular proteins 


Globular proteins are so called because their polypeptide chains are folded into com- 
pact structures. The group includes all the enzymes, antigens and those hormones that 
are proteins. Its first subgroup, albumins, are water-soluble and heat-coagulable and 
occur in milk, the blood, eggs and many plants. Histones are basic proteins that occur in 
cell nuclei, where they are associated with DNA (see p. 64). They are soluble in salt so- 
lutions, are not heat-coagulable, and on hydrolysis yield large quantities of arginine and 
lysine. Protamines are basic proteins of relatively low molecular weight, which are as- 
sociated with nucleic acids and are found in large quantities in the mature male germ 
cells of vertebrates. Protamines are rich in arginine but contain no tyrosine, tryptophan 
or sulphur-containing amino acids. Globulins occur in milk, eggs and blood, and are the 
main reserve protein in many seeds. 


Conjugated proteins 


Conjugated proteins contain, in addition to amino acids, a non-protein moiety 
termed a prosthetic group. Some important examples of conjugated proteins are gly- 
coproteins, lipoproteins, phosphoproteins and chromoproteins. 

Glycoproteins are proteins with one or more heteroglycans as prosthetic 
groups. In most glycoproteins the heteroglycans contain a hexosamine, either glu- 
cosamine or galactosamine or both; in addition, galactose and mannose may also 
be present. Glycoproteins are components of mucous secretions, which act as lu- 
bricants in many parts of the body. The storage protein in egg white, ovalbumin, is 
a glycoprotein. 

Lipoproteins, which are proteins conjugated with lipids such as triacylglycerols 
and cholesterol, are the main components of cell membranes and are also the form 
in which lipids are transported in the bloodstream to tissues, either for oxidation or 
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Íor energy storage. They can be classified into five main categories in increasing 
order of density: chylomicrons, very-low-density lipoproteins (VLDL), low-density 
lipoproteins (LDL), intermediate-density lipoproteins (IDL) and high-density lipopro- 
teins (HDL) (see Chapter 3). 

Phosphoproteins, which contain phosphoric acid as the prosthetic group, include 
the caseins of milk (see p. 406) and phosvitin in egg yolk. 

Chromoproteins contain a pigment as the prosthetic group. Examples are haemo- 
globin and cytochromes, in which the prosthetic group is the iron-containing com- 
pound haem, and flavoproteins, which contain flavins (see p. 90). 


NUCLEIC ACIDS 


Nucleic acids are high-molecular-weight compounds that play a fundamental role in 
living organisms as a store of genetic information; they are the means by which this 
information is utilised in the synthesis of proteins. On hydrolysis, nucleic acids yield 
a mixture of basic nitrogenous compounds (purines and pyrimidines), a pentose (ri- 
bose or deoxyribose) and phosphoric acid. 

The main pyrimidines found in nucleic acids are cytosine, thymine and uracil. The 
relationships between these compounds and the parent material, pyrimidine, are 
shown below: 


NZ 


LJ 


N 


Pyrimidine 


NH> o o 
CH3 
A HN | HN | 
A~ N A~ N A N 
H H H 
Cytosine Thymine Uracil 


Adenine and guanine are the principal purine bases present in nucleic acids. 


NH2 O 
N | > NZ | > H D 
ke NH k NH Je NH 
N N H2N N 
Purine Adenine Guanine 
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The compound formed by linking one of the above nitrogenous compounds to a 
pentose is termed a nucleoside. For example: 


NH2 NH2 
N CH2O0H _O OH 
N j co x NÍ Ë: 
| N + SI 1⁄7 — 5 | D + H20 
Si N 
N H i 7 H Si 
OH OH 
CH2OH LO 
B k. 
[NI LZ] 
H i H 
OH OH 
Adenine p-Ribose Adenosine 


If nucleosides such as adenosine are esterified with phosphoric acid they form 
nucleotides, e.g. adenosine monophosphate (AMP): 


NH> 

NZ | L 

LL Ñ 
N 


H203POCH2 oO 


i 


c H H >C 

NY 

H | | H 
OH OH 


Nucleic acids are polynucleotides of very high molecular weight, generally 
measured in several millions. A nucleotide containing ribose is termed ribonucleic 
acid (RNA), while one containing deoxyribose is referred to as deoxyribonucleic 
acid (DNA). 

The nucleotides are arranged in a certain pattern; DNA normally consists of a 
double-strand spiral or helix (Fig. 4.2). Each strand consists of alternate units of the 
deoxyribose and phosphate groups. Attached to each sugar group is one of the four 
bases, cytosine, thymine, adenine or guanine. The bases on the two strands of the spi- 
ral are joined in pairs by hydrogen bonds, the thymine on one strand always being 
paired with the adenine on the other and the cytosine with the guanine. The se- 
quence of bases along these strands carries the genetic information of the living cell 
(see p. 217). DNA is found in the nuclei of cells as part of the chromosome structure. 

There are several distinct types of ribonucleic acid, which are defined in terms of 
molecular size, base composition and functional properties. They differ from DNA in 
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Fig. 4.2 Diagrammatic representation of part of the ladder-like DNA molecule, 
showing the two strands of alternate phosphate (P) and deoxyribose (D) molecules. 
The horizontal rods represent the pairs of bases held by hydrogen bonds (represented 
by dotted lines). 


A = adenine, T = thymine, C = cytosine, G = guanine. 


the nature of their sugar moiety and also in the types of nitrogenous base present. 
RNA contains the pyrimidine uracil in place of thymine. There is evidence to indicate 
that unlike DNA, most RNA molecules exist in the form of single, folded chains 
arranged spirally. There are three main forms of RNA, termed messenger RNA, ribo- 
somal RNA and transfer RNA. The functions of these three forms of RNA are dealt 
with in the protein synthesis section of Chapter 9. 

Apart from their importance in the structure of nucleic acids, nucleotides exist 
free as monomers and many play an important role in cellular metabolism. 

Although nucleotides are synthesised de novo it appears that this synthesis is not 
always adequate. In such cases (abrupt early weaning of piglets and times of disease 
challenge) a dietary supply augments the natural synthesis and enhances immune 
function and the proliferation of cells. 

Reference has been made previously to the phosphorylation of adenosine to form 
adenosine monophosphate (AMP). Successive additions of phosphate residues give 
adenosine diphosphate (ADP) and then the triphosphate (ATP). The importance of 
ATP in energy transformations is described in Chapter 9. 
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OTHER NITROGENOUS COMPOUNDS 


A considerable variety of nitrogen-containing compounds, other than proteins and 
nucleic acids, occur in plants and animals. In plants, free amino acids are usually 
present; those in greatest amount include glutamic acid, aspartic acid, alanine, ser- 
ine, glycine and proline. Other compounds are nitrogenous lipids, amines, amides, 
purines, pyrimidines, nitrates and alkaloids. In addition, most members of the vita- 
min B complex contain nitrogen in their structure. 

It is impossible to deal with these compounds in any detail here, and only some of 
the important ones not previously mentioned will be discussed. 


Amines 


Amines are basic compounds present in small amounts in most plant and animal tis- 
sues. Many occur as decomposition products in decaying organic matter and have 
toxic properties. 

A number of microorganisms are capable of producing amines by decarboxyla- 
tion of amino acids (Table 4.2). These may be produced in the rumen under certain 
conditions and can occur in fermented foods such as cheese, wine, sauerkraut and 
sausage. They are termed biogenic amines and may give rise to physiological symp- 
toms; histamine, for example, is an amine formed from the amino acid histidine and in 
cases of anaphylactic shock is found in the blood in relatively large amounts. Hista- 
mine has also been implicated in dietary-induced migraine. Silages in which clostridia 
have dominated the fermentation usually contain appreciable amounts of amines (see 
Chapter 19). 

In contrast to the harmful biogenic amines, the polyamines putrescene, spermi- 
dine and spermine are necessary for optimal growth and function of cells. They are 
involved in DNA, RNA and protein synthesis, regulation of gene expression, enzyme 
activity, cell proliferation and cell signalling. 

Several metabolic pathways (e.g. lipid metabolism, creatine and carnitine synthe- 
sis) require methyl groups and these can be supplied by choline or methionine. Dur- 
ing the process of transmethylation, betaine, a tertiary amine, is formed by the 
oxidation of choline. Betaine can be added to the diet to act as a more direct supply 
of methyl groups, thus sparing choline for its other functions of lecithin and acetyl- 
choline formation, and methionine for protein synthesis. Betaine occurs in sugar beet, 


Table 4.2 Some important amines and their parent 


amino acids 

Amino acid Amine 

Arginine Putrescine 
Histidine Histamine 

Lysine Cadaverine 
Phenylalanine Phenylethylamine 
Tyrosine Tyramine 
Tryptophan Tryptamine 


4.9 


Nitrates 


and the young leaves may contain about 25 g/kg; it is this amine that is responsible 
Íor the fishy aroma frequently associated with the commercial extraction of sugar 
from beet. In the animal body, betaine may be transformed into trimethylamine, and 
it is this that gives the fishy taint to milk produced by cows that have been given ex- 
cessive amounts of sugar beet by-products. 


Amides 


Asparagine and glutamine are important amide derivatives of the amino acids aspartic 
acid and glutamic acid. These two amides are also classed as amino acids (Table 4.1) 
and occur as components of proteins. They also occur as free amides and play an im- 
portant role in transamination reactions. 

Urea is an amide that is the main end product of nitrogen metabolism in mam- 
mals, but it also occurs in many plants and has been detected in wheat, soya bean, 
potato and cabbage. 


In humans and other primates, uric acid is the end product of purine metabolism 
and is found in the urine. In subprimate mammals the uric acid is oxidised to 
allantoin before being excreted. 

In birds, uric acid is the principal end product of nitrogen metabolism and thus 
corresponds, in its function, to urea in mammals. 
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Uric acid Allantoin 


NITRATES 


Nitrates may be present in plant materials and, whereas nitrate itself may not be 
toxic to animals, it is reduced readily under favourable conditions, as in the rumen, 
to nitrite, which is toxic. Oat hay poisoning is attributed to the relatively large 
amounts of nitrate present in green oats. 

Quite high levels of nitrate have been reported in herbage given heavy dressings 
of nitrogenous fertilisers (see Chapter 18). 
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1. Proteins are complex organic compounds of 


high molecular weight containing carbon, 
hydrogen, oxygen, nitrogen and generally 
sulphur. 


. Proteins are made up from a pool of 20 


amino acids, about ten of which are essential 
(indispensable) for non-ruminants. 


. Amino acids join together by a peptide link- 


age between the a-carboxyl group of one 
acid and the a-amino group of another. 


. The primary structure of a protein refers to 


the sequence of amino acids in the polypep- 
tide chain; the conformation of the chain as 
a result of hydrogen bonding is the second- 
ary structure; folding of the chain gives the 
tertiary structure; the quaternary structure 
refers to the configuration of those pro- 
teins with more than one polypeptide 
chain. 


10. 


11. 


4.10 ALKALOIDS 

These compounds are of particular interest since many of them have poisonous 
properties. In plants, their presence is restricted to a few orders of the dicotyle- 
dons. A number of the more important alkaloids, with their sources, are listed in 
Table 4.3. The alkaloid in ragwort, for example, attacks the liver and much of 
this organ can be destroyed before symptoms appear. Another nutritionally signif- 
icant source of alkaloids is the fungus ergot, which grows on cereal grains (see 
Chapter 22). 
Table 4.3 Some important alkaloids occurring in plants 
Name Source 
Coniine Hemlock 
Nicotine Tobacco 
Ricinine Castor plant seeds 
Atropine Deadly nightshade 
Cocaine Leaves of coca plant 
Jacobine Ragwort 
Quinine Cinchona bark 
Strychnine Seeds of Nuxvomica 
Morphine Dried latex of opium poppy 
Solanine Unripe potatoes and potato sprouts 

SUMMARY 


. Proteins have colloidal properties and can be 


denatured by heat, creating new linkages be- 
tween the chains, some of which are resistant 
to hydrolysis. 


. Proteins may be simple, either fibrous or 


globular, or conjugated to a non-protein 
molecule. 


. Nucleic acids act as a store of genetic informa- 


tion when arranged to form DNA and RNA. 


. Amines are derivatives of amino acids and 


some possess physiological activity. 


. Urea is an important member of the amide 


group of compounds. 


Nitrate is converted to the toxic nitrite in the 
rumen. 


Alkaloids are poisonous nitrogen-containing 
compounds formed by some plants and fungi. 
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Vitamins 


5.1 Introduction 

5.2 Fat-soluble vitamins 
5.3 The vitamin B complex 
5.4 Vitamin C 

5.5 Hypervitaminosis 


INTRODUCTION 


Discovery of vitamins 


The discovery and isolation of many of the vitamins were originally achieved 
through work on rats given diets of purified proteins, fats, carbohydrates and 
inorganic salts. Using this technique, Hopkins in 1912 showed that a synthetic 
diet of this type was inadequate for the normal growth of rats, but that when a small 
quantity of milk was added to the diet the animals developed normally. This proved 
that there was some essential factor, or factors, lacking in the pure diet. 

About this time the term ‘vitamines’, derived from ‘vital amines’, was coined by 
Funk to describe these accessory food factors, which he thought contained amino- 
nitrogen. It is now known that only a few of these substances contain amino-nitrogen 
and the word has been shortened to vitamins, a term that has been generally accepted 
as a group name. 

Although the discovery of the vitamins dates from the beginning of the twentieth 
century, the association of certain diseases with dietary deficiencies had been recog- 
nised much earlier. In 1753 Lind, a British naval physician, published a treatise on 
scurvy, proving that this disease could be prevented in human beings by including 
salads and summer fruits in their diet. The action of lemon juice in curing and pre- 
venting scurvy had been known, however, since the beginning of the seventeenth 
century. The use of cod-liver oil in preventing rickets has long been appreciated, and 
Eijkmann knew at the end of the nineteenth century that beri-beri, a disease common 
in the Far East, could be cured by giving the patients brown rice grain rather than 
polished rice. 


Introduction 


Vitamins and biochemistry 


Vitamins are usually defined as organic compounds that are required in small 
amounts for normal growth and maintenance of animal life. But this definition 
ignores the important part that these substances play in plants and their importance 
generally in the metabolism of all living organisms. Unlike the nutrients covered in 
Chapters 2-4, vitamins are not merely building blocks or energy-yielding com- 
pounds but are involved in, or are mediators of, the biochemical pathways (Fig. 5.1). 
For example, many of the B vitamins act as cofactors in enzyme systems but it is not 
always clear how the symptoms of deficiency are related to the failure of the meta- 
bolic pathway. 

In addition to avoiding explicit vitamin deficiency symptoms (see below) or a 
general depression in production due to a subclinical deficiency, some vitamins are 
added to the diet at higher levels in order to (1) enhance the quality of the animal 
product, e.g. vitamin D for eggshell strength and vitamin E for prolonging the shelf 


BOX 5.1 Vitamin supplementation of diets 


Most food mixes prepared as supplements for ruminants and horses or as the sole food for pigs, 
poultry, dogs and cats are supplemented with vitamins. With other nutrients, such as energy and 
protein, it is possible to demonstrate a response to increments in intake, which can be evaluated 
against the cost of the increment. This is not possible with vitamins, for which the cost is relatively 
small in relation to the consequences of deficiency. Therefore, vitamins are usually supplied at levels 
greater than those shown to be required under experimental conditions. This oversupply allows for 
uncertainties met under practical conditions (e.g. variable vitamin content and availability in foods, 
loss of vitamin potency in storage, range of management practices, quality of the environment, 
health status, extra requirements due to stress). This is not to say that such safety margins should be 
excessive, since this would be wasteful: in addition, an excess of one vitamin may increase the re- 
quirement for another. For example, the fat-soluble vitamins share absorption mechanisms and 
compete with each other; thus, an excess of vitamin A will increase the dietary requirements of 
vitamins E, D and K. 

Originally, vitamins for supplements were isolated from plant products. However, yields from 
such sources are low and the vitamins can be expensive. Yields can be increased when vitamins are 
produced from microorganisms by fermentation. Nowadays many vitamins are produced in multi- 
stage chemical processes that are controllable and the yield is predictable. 

For ease of handling in the feed mill the vitamin supplement needs to (1) be free-flowing, (2) not 
be dusty and (3) mix homogeneously with other diet ingredients (vitamins are added in minute 
amounts but must be thoroughly dispersed throughout the mix); the vitamin must remain stable and 
yet be biologically available when consumed by the animal. Some of these criteria are incompatible 
and a compromise has to be reached. Oily vitamins are absorbed on to silica; others are coated or 
micro-encapsulated and antioxidants are added to prevent breakdown of those vitamins that are 
susceptible to oxidation. The manufacturers also make use of stable derivatives of vitamins (e.g. the 
acetate form of a-tocopherol as opposed to the alcohol form). 

Maintenance of vitamin activity in the supplement is affected by temperature, humidity, acidity/ 
alkalinity, oxygen, ultraviolet light, the presence of some trace minerals (dietary supplements are 
usually combinations of vitamins, minerals and trace elements), physical factors such as hammer 
milling and the length of time the supplement is stored. For example, choline chloride can destroy 
other vitamins during storage. 
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Introduction 


life of carcasses, or (2) improve health, e.g. vitamin A to improve the health status of 
the mammary gland in dairy cows. 

Vitamins are required by animals in very small amounts compared with other nu- 
trients; for example, the vitamin B, (thiamin) requirement of a 50 kg pig is only 
about 3 mg/day. Nevertheless, a continuous deficiency in the diet results in dis- 
ordered metabolism and eventually disease. 

Some compounds function as vitamins only after undergoing a chemical change; 
such compounds, which include B-carotene and certain sterols, are described as 
provitamins or vitamin precursors. 

Many vitamins are destroyed by oxidation, a process speeded up by the action of 
heat, light and certain metals such as iron. This fact is important since the conditions 
under which a food is stored will affect the final vitamin potency. Some commercial 
vitamin preparations are dispersed in wax or gelatin, which act as a protective layer 
against oxidation (for further details of vitamin supplementation of diets, see Box 5.1). 

The system of naming the vitamins by letters of the alphabet was most conven- 
ient and was generally accepted before the discovery of their chemical nature. Al- 
though this system of nomenclature is still widely used with some vitamins, the 
modern tendency is to use the chemical name, particularly in describing members of 
the B complex. 

At least 14 vitamins have been accepted as essential food factors, and a few 
others have been proposed. Only those that are of nutritional importance are dealt 
with in this chapter. 

It is convenient to divide the vitamins into two main groups: fat-soluble and 
water-soluble. Table 5.1 lists the important members of these two groups. 


Table 5.1 Vitamins important in animal nutrition 


Vitamin Chemical name 


Fat-soluble vitamins 


A Retinol 
D2 Ergocalciferol 
D3 Cholecalciferol 
E Tocopherol? 
K Phylloquinoneb 
Water-soluble vitamins 
B complex 
By Thiamin 
B2 Riboflavin 
Nicotinamide 
Bç Pyridoxine 
Pantothenic acid 
Biotin 
Folic acid 
Choline 
B12 Cyanocobalamin 
C Ascorbic acid 


aA number of tocopherols have vitamin E activity. 
several naphthoquinone derivatives possessing vitamin K activity are known. 
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FAT-SOLUBLE VITAMINS 
Vitamin A 


Chemical nature 


Vitamin A (C29H29OH), known chemically as retinol, is an unsaturated monohydric 
alcohol with the following structural formula: 


CH3 CH3 


H3C CH3 


RTT OTS 


CH;OH 


CH3 
Vitamin A (all-trans form) 


The vitamin is a pale yellow crystalline solid, insoluble in water but soluble in fat 
and various fat solvents. It is readily destroyed by oxidation on exposure to air and 
light. A related compound with the formula C2)H27OH, originally found in fish, has 
been designated dehydroretinol or vitamin Ap. 


Sources 


Vitamin A accumulates in the liver and this organ is likely to be a good source; the 
amount present varies with species of animal and diet. Table 5.2 shows some typical 
liver reserves of vitamin A in different species, although these values vary widely within 
each species. 

The oils from livers of certain fish, especially cod and halibut, have long been 
used as an important dietary source of the vitamin. Egg yolk and milk fat also are 
usually rich sources, although the vitamin content of these depends, to a large ex- 
tent, upon the diet of the animal from which it has been produced. 

Vitamin A is manufactured synthetically and can be obtained in a pure form. 


Table 5.2 Some typical values for liver reserves of vitamin 
A in different species? 


Species Vitamin A (ug/g liver) 
Pig 30 
Cow 45 
Rat 75 
Man 90 
Sheep 180 
Horse 180 
Hen 270 
Codfish 600 
Halibut 3000 
Polar bear 6000 
Soup-fin shark 15000 


aln every species, wide individual variations are to be expected. 


Adapted from Moore T 1969 In: Morton R A (ed.) Fat Soluble Vitamins, 
Oxford, Pergamon Press, p. 233. 


Fat-soluble vitamins 


Provitamins 


Vitamin A does not exist as such in plants, but it is present as precursors or provita- 
mins in the form of certain carotenoids, which can be converted into the vitamin. 
At least 600 naturally occurring carotenoids are known, but only a few of these are 
precursors of the vitamin. 

In plants, carotenoids have yellow, orange or red colours but their colours are fre- 
quently masked by the green colour of chlorophyll.When ingested, they are responsible 
for many of the varied and natural colours that occur in crustaceans, insects, birds and 
fish. They are also found in egg yolk, butterfat and the body fat of cattle and horses, but 
not in sheep or pigs. Carotenoids may be divided into two main categories: carotenes 
and xanthophylls. The latter include a wide range of compounds, for example lutein, 
cryptoxanthin and zeaxanthin, most of which cannot be converted into vitamin A. Of 
the carotenes, B-carotene is the most important member and this compound forms the 
main source of vitamin A in the diets of farm animals. Its structure is shown here: 


B-Carotene 


The long unsaturated hydrocarbon chains in carotenes (and vitamin A) are easily 
oxidised to by-products that have no vitamin potency. Oxidation is increased by heat, 
light, moisture and the presence of heavy metals. Consequently, foods exposed to air 
and sunlight rapidly lose their vitamin A potency, so that large losses can occur during 
the sun-drying of crops. For example, lucerne hay has around 15 mg B-carotene/kg, but 
artificially dried lucerne and grass meals have 95 mg/kg and 155 mg/kg, respectively. 
Fresh grass is an excellent source (250 mg/kg DM), but this is halved during ensilage. 

Carotenoids and supplemental vitamin A are prone to destruction in the rumen, 
especially with high concentrate diets. Recent studies indicate that naturally occur- 
ring carotenoids in forages may not be degraded to the same extent as purified prod- 
ucts used as supplements. The gelatin preparations of vitamin A, with stabilising 
agents, are intended to protect the vitamin from this destruction but still remain 
available to be absorbed from the duodenum. In monogastrics the availability varies 
between foods. In humans it has been found that oil solutions of carotenoids are 
more available than those naturally occurring in foods. This is reflected in the fact 
that the efficiency of absorption is largely dependent on the quality and quantity of 
fat in the diet. The measurement of availability of carotenoids in foods and factors 
that affect it are currently an active area of research in animals and humans. 

Conversion of carotene into vitamin A can occur in the liver but usually takes 
place in the intestinal mucosa. Theoretically, hydrolysis of one molecule of the C40 
compound £-carotene should yield two molecules of the C2) compound retinol, but 
although central cleavage of this type is thought to occur, it is considered likely that 
the carotene is degraded from one end of the chain by step-wise oxidation until only 
one molecule of the C2) compound retinol remains. Although the maximum conver- 
sion measured in the rat is 2 mg B-carotene into 1 mg retinol, authorities differ 
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regarding the conversion efficiency in other animals with ranges from 3 : 1 to 12: 1. 
Ruminants convert about 6 mg of B-carotene into 1 mg of retinol. The corresponding 
conversion efficiency for pigs and poultry is usually taken as 11: 1 and 3 : 1, respec- 
tively. Cats do not have the enzyme to convert carotene to vitamin A. Since their 
diet comprises meat, which usually contains sufficient vitamin A and low levels of 
carotenoids, the conversion pathway is redundant. The vitamin A values of foods are 
often stated in terms of international units (iu), one iu of vitamin A being defined as 
the activity of 0.3 pg of crystalline retinol. 


Metabolism 


Vitamin A appears to play two different roles in the body according to whether it is 
acting in the eye or in the general system. 

In the retinal cells of the eye, vitamin A (all-trans-retinol) is converted into the 
11-cis-isomer, which is then oxidised to 11-cis-retinaldehde. In the dark the latter 
then combines with the protein opsin to form rhodopsin (visual purple), which is the 
photoreceptor for vision at low light intensities. When light falls on the retina, the 
cis-retinaldehyde molecule is converted back into the all-trans form and is released 
from the opsin. This conversion results in the transmission of an impulse up the optic 
nerve. The all-trans-retinaldehyde is converted to all-trans-retinol, which re-enters 
the cycle, thus continually renewing the light sensitivity of the retina (Fig. 5.2). 

In its second role, in the regulation of cellular differentiation, vitamin A is involved 
in the formation and protection of epithelial tissues and mucous membranes. In this 
way it has particular importance in growth, reproduction and immune response. Vita- 
min A is important in the resistance to disease and promotion of healing through its 
effect on the immune system and epithelial integrity. In addition, it acts, along with 
vitamins E and C and B-carotene, as a scavenger of free radicals (see Box 5.2, p. 83). 

The placental transfer of vitamin A to the foetus is limited and the neonate has 
low stores of the vitamin and relies on consumption of colostrum to establish ade- 
quate tissue stores. 
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Fig. 5.2 The role of vitamin A (retinol) in the visual cycle. 


Fat-soluble vitamins 


Deficiency symptoms 

Ability to see in dim light depends upon the rate of resynthesis of rhodopsin; when 
vitamin A is deficient, rhodopsin formation is impaired. One of the earliest symp- 
toms of a deficiency of vitamin A in all animals is a lessened ability to see in dim 
light, commonly known as ‘night blindness’. 

It has long been realised that vitamin A plays an important role in combating infec- 
tion, and it has been termed the ‘anti-infective vitamin’. In several species, vitamin A 
deficiency has been shown to be accompanied by low levels of immunoglobulins, 
although the exact function of the vitamin in the formation of these important proteins 
is uncertain. 

In adult cattle, a mild deficiency of vitamin A is associated with roughened hair 
and scaly skin. If it is prolonged the eyes are affected, leading to excessive watering, 
softening and cloudiness of the cornea and development of xerophthalmia, which is 
characterised by a drying of the conjunctiva. Constriction of the optic nerve canal 
may cause blindness in calves. In breeding animals a deficiency may lead to infertility, 
and in pregnant animals deficiency may lead to failure of embryo growth, disrupted 
organ development, abortion, short gestation, retained placenta or the production of 
dead, weak or blind calves. Less severe deficiencies may result in metritis and der- 
matitis and calves born with low reserves of the vitamin; it is then imperative that 
colostrum, rich in antibodies and vitamin A, should be given at birth, otherwise the 
susceptibility of such animals to infection leads to scours and, if the deficiency is not 
rectified, they frequently die of pneumonia. The National Research Council of the 
United States has increased the recommended allowance for dairy cows in order to 
improve the health of the mammary gland and reduce mastitis. 

In practice, severe deficiency symptoms are unlikely to occur in adult animals ex- 
cept after prolonged deprivation. Grazing animals generally obtain more than ade- 
quate amounts of provitamin from pasture grass and normally build up liver reserves. 
If cattle are fed on silage or well-preserved hay during the winter months, deficien- 
cies are unlikely to occur. Cases of vitamin A deficiency have been reported among 
cattle fed indoors on high cereal rations, and under these conditions a high vitamin 
supplement is recommended. 

In ewes, in addition to night blindness, severe cases of deficiency may result in 
lambs being born weak or dead. A deficiency is not common in sheep, however, be- 
cause of adequate dietary intakes on pasture. 

In pigs, eye disorders such as xerophthalmia and blindness may occur. A defi- 
ciency in pregnant animals may result in the production of weak, blind, dead or de- 
formed litters. In view of the apparent importance of vitamin A in preventing 
reproductive disorders in pigs, it has been suggested that the retinoids may have a 
role in embryo development (cell differentation, gene transcription). Alternatively, 
they may regulate ovarian steroid production and influence the establishment and 
maintenance of pregnancy. In less severe cases of deficiency, appetite is impaired and 
growth retarded. Where pigs are reared out of doors and have access to green food, 
deficiencies are unlikely to occur, except possibly during the winter. Pigs kept in- 
doors on concentrates may not receive adequate amounts of vitamin A in the diet 
and supplements may be required. 

In poultry consuming a diet deficient in vitamin A, the mortality rate is usually 
high. Early symptoms include retarded growth, weakness, ruffled plumage and a stag- 
gering gait. In mature birds, egg production and hatchability are reduced. Since most 
concentrated foods present in the diets of poultry are low or lacking in vitamin A or 
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its precursors, vitamin A deficiency may be a problem unless precautions are taken. 
Yellow maize, dried grass or other green food, or alternatively cod- or other fish-liver 
oils or vitamin À concentrate, can be added to the diet. 

In horses, the signs of deficiency include the catalogue of symptoms seen in other 
farm animals: night blindness, keratinisation of the skin and cornea, susceptibility to 
infection and infertility. 

Dogs and cats show similar symptoms. In addition dogs have ataxia and anorexia 
and cats have reproductive and developmental disorders. 

It has been suggested that, in addition to vitamin A, some species may have a 
dietary requirement for B-carotene per se. The ovaries of bovine species are known 
to contain high concentrations of B-carotene during the luteal phase — indeed, it is 
an integral component of the mucosal membrane of luteal cells — and it has been 
postulated that certain fertility disorders in dairy cattle, such as retarded ovulation 
and early embryonic mortality, may be caused by a deficiency of the provitamin in 
the diet. In sows, injections of B-carotene have reduced embryonic mortality and in- 
creased litter sizes. It is suggested that it influences steroidogenesis and, through its 
antioxidant properties, it may protect the highly active ovarian cells from damage by 
free radicals. Supplementation of the diet of dogs with B-carotene resulted in increased 
plasma progesterone concentration. 


Vitamin D 
Chemical nature 


Anumber of forms of vitamin D are known, although not all of these are naturally occur- 
ring compounds. The two most important forms are ergocalciferol (D>) and cholecalcif- 
erol (D3).The term D4 was originally suggested by earlier workers for an activated sterol, 
which was found later to be impure and to consist mainly of ergocalciferol, which had al- 
ready been designated D>. The result of this confusion is that in the group of D vitamins, 
the term vitamin D4 has been abolished. The structures of vitamins D, and D3 are: 


CH3 CH3 CH3 
CH3 
CHCH—— CHCH— CHCH3 
H>C 
HO SS 
Vitamin D> (ergocalciferol) 
CH3 CH3 
CH3 | | 
CHCH2CH2CH2CHCH3 
H2C 
HO x 


Vitamin D3 (cholecalciferol) 


Fat-soluble vitamins 


The D vitamins are insoluble in water but soluble in fats and fat solvents. The 
sulphate derivative of vitamin D present in milk is a water-soluble form of the vita- 
min. Both D> and Ds are more resistant to oxidation than vitamin A, Ds being more 
stable than D3. 


Sources 


The D vitamins are limited in distribution. They rarely occur in plants except in sun- 
dried roughages and the dead leaves of growing plants. In the animal kingdom vita- 
min D3 occurs in small amounts in certain tissues and is abundant only in some 
fishes. Halibut-liver and cod-liver oils are rich sources of vitamin D3. Egg yolk is also 
a good source, but cow’s milk is normally a poor source, although summer milk 
tends to be richer than winter milk. Colostrum usually contains six to ten times the 
amount present in ordinary milk. 

Clinical manifestations of avitaminosis D, and other vitamin deficiencies, are fre- 
quently treated by injection of the vitamin into the animal. 


Provitamins 


Reference has been made (p. 49) to two sterols, ergosterol and 7-dehydrocholesterol, 
as being precursors of vitamins Dz and Ds, respectively. The provitamins, as such, have 
no vitamin value and must be converted into calciferols before they are of any use to 
the animal. For this conversion it is necessary to impart a definite quantity of energy to 
the sterol molecule, and this can be brought about by the ultraviolet light present in 
sunlight, by artificially produced radiant energy or by certain kinds of physical treat- 
ment. Under natural conditions activation is brought about by irradiation from the 
sun. The activation occurs most efficiently with light of wavelength 290-315 nm, so 
that the range capable of vitamin formation is small. The amount of ultraviolet radia- 
tion that reaches the earth’s surface depends upon latitude and atmospheric conditions: 
the presence of clouds, smoke and dust reduces the radiation. Ultraviolet radiation is 
greater in the tropics than in the temperate regions, and the amount reaching the more 
northern areas in winter may be slight. Since ultraviolet light cannot pass through 
ordinary window glass, animals housed indoors receive little, if any, suitable radiation 
for the production of the vitamin. Irradiation is apparently more effective in animals 
with light-coloured skins. If irradiation is continued for a prolonged period, then the 
vitamin may be altered to compounds that can be toxic. 

The chemical transformation occurs in the skin and also in the skin secretions, 
which are known to contain the precursor. Absorption of the vitamin can take place 
from the skin, since deficiency can be treated successfully by rubbing cod-liver oil 
into the skin. 

Vitamin D requirements are often expressed in terms of international units (iu). 
One iu of vitamin D is defined as the vitamin D activity of 0.025 pg of crystalline 
vitamin D3. 


Metabolism 


Dietary vitamins Dz and D3 are absorbed from the small intestine and are trans- 
ported in the blood to the liver, where they are converted into 25-hydroxycholecalcif- 
erol. The latter is then transported to the kidney, where it is converted into 
1,25-dihydroxycholecalciferol, the most biologically active form of the vitamin. This 
compound is then transported in the blood to the various target tissues, the intestine, 
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Fig. 5.3 Metabolic pathway showing production of the hormonally active form 
of vitamin D. 


bones and the eggshell gland in birds. The compound 1,25-dihydroxycholecalciferol 
acts in a similar way to a steroid hormone, regulating DNA transcription in the intes- 
tinal microvilli, inducing the synthesis of specific messenger RNA (see Chapter 9), 
which is responsible for the production of calcium-binding protein. This protein is in- 
volved in the absorption of calcium from the intestinal lumen. The various pathways 
involved in these transformations are summarised in Fig. 5.3. Cats do not obtain vita- 
min D by exposure to sunlight. The natural diet of the cat contains adequate amounts 
of vitamin D to meet their requirements. Their metabolism has become adapted such 
that 7-dehydroxycholesterol is converted to cholesterol and is not available for 
vitamin D synthesis. 

The amount of 1,25-dihydroxycholecalciferol produced by the kidney is con- 
trolled by parathyroid hormone. When the level of calcium in the blood is low 
(hypocalcaemia), the parathyroid gland is stimulated to secrete more parathyroid 
hormone, which induces the kidney to produce more 1,25-dihydroxycholecalciferol, 
which in turn enhances the intestinal absorption of calcium. 

In addition to increasing intestinal absorption of calcium, 1,25-dihydroxychole- 
calciferol increases the absorption of phosphorus from the intestine and also en- 
hances calcium and phosphorus reabsorption from the kidney and bone. 

Recently it has been discovered that 1,25-dihydroxycholecalciferol regulates the 
expression of genes and the activity of cells associated with the immune system. 


Deficiency symptoms 

A deficiency of vitamin D in the young animal results in rickets, a disease of growing 
bone in which the deposition of calcium and phosphorus is disturbed; as a result the 
bones are weak and easily broken and the legs may be bowed. In young cattle the 
symptoms include swollen knees and hocks and arching of the back. In pigs the symp- 
toms are usually enlarged joints, broken bones, stiffness of the joints and occasionally 
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paralysis. The growth rate is generally adversely affected. The term ‘rickets’ is confined 
to young growing animals; in older animals vitamin D deficiency causes osteomalacia, 
in which there is reabsorption of bone already laid down. Osteomalacia due to vitamin 
D deficiency is not common in farm animals, although a similar condition can occur in 
pregnant and lactating animals, which require increased amounts of calcium and phos- 
phorus. Rickets and osteomalacia are not specific diseases necessarily caused by vita- 
min D deficiency; they can also be caused by lack of calcium or phosphorus or an 
imbalance between these two elements. 

In poultry, a deficiency of vitamin D causes the bones and beak to become soft 
and rubbery; growth is usually retarded and the legs become weak. Egg production 
is reduced and eggshell quality deteriorates. Most foods of pigs and poultry, with the 
possible exception of fishmeal, contain little or no vitamin D, and the vitamin is gen- 
erally supplied to these animals, if reared indoors, in the form of fish-liver oils or 
synthetic preparations. 

The need for supplementing the diets of cattle and sheep with vitamin D is gener- 
ally not so great as that for pigs and poultry. Adult ruminants can receive adequate 
amounts of the vitamin from hay in the winter months, and from irradiation while 
grazing. However, since the vitamin D content of hays is extremely variable, it is possi- 
ble that vitamin D supplementation may be desirable, especially with young growing 
animals or pregnant animals, on winter diets. There is a considerable lack of informa- 
tion about the vitamin D needs of farm animals under practical conditions. 

For cattle, sheep and pigs vitamins D> and Ds have the same potency, but for 
poultry vitamin D, has only about 10 per cent of the potency of D3. 

Certain foods, such as fresh green cereals and yeast, have been shown to have 
rachitogenic (rickets-causing) properties for mammals, and raw liver and isolated 
soya bean protein have a similar effect on poultry. In one study it was shown that in 
order to overcome the rachitogenic activity of whole raw soya bean meal, a tenfold 
increase in vitamin D supplement was necessary. Heating destroys the rachitogenic 
activity. 


Vitamin E 
Chemical nature 
Vitamin E is a group that includes a number of closely related active compounds. 
Eight naturally occurring forms of the vitamin are known, and these can be divided 
into two groups according to whether the side chain of the molecule, as shown 
below, is saturated or unsaturated. 

The four saturated vitamins are designated a-, B-, y- and 5-tocopherol. Of these 
the a-form is the most biologically active and most widely distributed. 
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The B-, y- and ó-forms have only about 45, 13 and 0.4 per cent of the activity of 
the a-form, respectively. The unsaturated forms of the vitamin have been desig- 
nated a-, B-, y- and 8-tocotrienols. Of these only the a-form appears to have any 
significant vitamin E activity, and then only about 13 per cent of its saturated 
counterpart. 

The a-tocopherol molecule has three centres where stereoisomers can occur. The 
naturally occurring molecule is the D-a-tocopherol (or RRR-a-tocopherol) configura- 
tion and has the highest vitamin activity. Synthetic DL-a-tocopherol acetate (also 
called all racemic a-tocopherol acetate) is used as a vitamin E supplement and com- 
prises all eight possible stereoisomers; only one molecule in eight is in the RRR 
form. The vitamin activity of the four stereoisomers in the L forms is considerably 
lower than the four that make up the D forms; in the latter the RRR form is the most 
active. 


Sources 


Vitamin E, unlike vitamin A, is not stored in the animal body in large amounts for 
any length of time and consequently a regular dietary source is important. Fortu- 
nately, the vitamin is widely distributed in foods. Green fodders are good sources 
of a-tocopherol, young grass being a better source than mature herbage. The 
leaves contain 20-30 times as much vitamin E as the stems. Losses during hay- 
making can be as high as 90 per cent, but losses during ensilage or artificial dry- 
ing are low. 

Cereal grains are also good sources of the vitamin, but the tocopherol composi- 
tion varies with species. Wheat and barley grain resemble grass in containing mainly 
a-tocopherol, but maize contains, in addition to a-tocopherol, appreciable quantities 
of y-tocopherol. During the storage of moist grain in silos, the vitamin E activity can 
decline markedly. Reduction in the concentration of the vitamin from 9 to 1 mg/kg 
DM has been reported in moist barley stored for 12 weeks. 

Animal products are relatively poor sources of the vitamin, although the amount 
present is related to the level of vitamin E in the diet. 

The vitamin E values of foods are often stated in terms of international units, one 
iu of vitamin E being defined as the specific activity of 1 mg of synthetic all-racemic 
a-tocopherol acetate. It is generally accepted that 1 mg of RRR-a-tocopherol is 
equivalent to 1.49 iu vitamin E and 1 mg RRR-a-tocopherol acetate is equivalent to 
1.36 iu vitamin E. However, recent evidence suggests that the equivalence of all- 
racemic to RRR forms is related to species, age and the criteria used to assess them 
and that it may be as high as 2: 1. 


Metabolism 


Vitamin E functions in the animal mainly as a biological antioxidant; in associa- 
tion with the selenium-containing enzyme glutathione peroxidase and other vita- 
mins and trace-element-containing enzymes, it protects cells against oxidative 
damage caused by free radicals. Free radicals are formed during cellular metabo- 
lism and, as they are capable of damaging cell membranes, enzymes and cell 
nuclear material, they must be converted into less reactive substances if the ani- 
mal is to survive. This protection is particularly important in preventing oxidation 
of polyunsaturated fatty acids, which function as primary constituents of subcellu- 
lar membranes and precursors of prostaglandins. Oxidation of unsaturated fatty 
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acids produces hydroperoxides, which also damage cell tissues, and more lipid 
free radicals, so that prevention of such oxidation is of vital importance in main- 
taining the health of the living animal. The animal has complementary methods 
of protecting itself against oxidative damage: scavenging of radicals by vitamin E 
and destruction of any peroxides formed by glutathione peroxidase (see 
Box 5.2). 


BOX 5.2 Free radicals and antioxidants 


Antioxidants are required to protect the animal’s cells from damage due to the presence of free rad- 
icals. These are highly reactive molecules containing one or more unpaired electrons and can exist 
independently (e.g. superoxide, Oš , and hydroxyl, OH*). Their high reactivity is a result of their 
trying to lose or gain an electron to achieve stability. Within cells hydrogen peroxide (H202) can eas- 
ily break down, especially in the presence of transition ions (e.g. Fe?*), to produce the hydroxyl rad- 
ical, which is the most reactive and damaging of the free radicals: 


H,O, + Fe? — OH* + OH + Fe?" 


Free radicals are generated during normal cellular metabolism owing to leakage from the elec- 
tron transport chain in mitochondria and leakage from peroxidation of polyunsaturated fatty acids 
in the pathway of conversion of arachidonic acid to prostaglandins and related compounds. Also 
O>* plays an essential role in the extracellular killing of microorganisms by activated phagocytes, 
and activation of this system can lead to further leakage. 

All classes of biological molecules are vulnerable to free radical damage, but especially lipids, 
proteins and DNA. Cell membranes are an important target because of the enzyme systems con- 
tained within them. Lipids are the most susceptible; oxidative destruction of polyunsaturated fatty 
acids can be extremely damaging, since it proceeds as a self-perpetuating chain reaction. The more 
active cells, such as muscle cells, are at greatest risk of damage because they depend on the utilisa- 
tion of lipids as energy sources. 

To maintain cell integrity the animal’s cells require protection mechanisms and these are pro- 
vided by the antioxidant system, which involves a group of vitamins and enzymes containing trace 
elements working in series. The initial line of defence is by the enzymes superoxide dismutase (con- 
taining copper), glutathione peroxidases (containing selenium) and catalase. Superoxide dismutase 
eliminates superoxide radicals formed in the cell and prevents the reaction of the radical with bio- 
logical membranes or their participation in the production of more powerful radicals. Glutathione 
peroxidase detoxifies lipid hydroperoxides that are formed in the membrane during lipid peroxida- 
tion. Catalase can also break down hydrogen peroxide. 

If large amounts of radicals are produced the enzyme systems will be insufficient to prevent 
damage and the second antioxidant system is brought into action. Antioxidants break the chain re- 
action by scavenging peroxyl radicals and thus interfere with the propagation steps in the lipid per- 
oxidation process. Vitamin E is the main antioxidant but the carotenoids, vitamin A and vitamin C 
are also involved. In mammalian cells vitamin E is located in the mitochondria and endothelial 
reticulum. It donates a hydrogen atom to the free radical to form a stable molecule, thereby break- 
ing the chain. The amount of vitamin E in the cell membranes is low and it must be regenerated so 
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Fig. 5.4 The regeneration of vitamin E. 
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that there is sufficient to act against other radicals. The regeneration is carried out by reaction with 
vitamin C and the ascorbate radical in turn is reduced by NADH-dependent enzymes (Fig. 5.4). It 
has been reported that vitamin C also acts as an antioxidant in extracellular fluid, where it operates 
as a scavenger preventing the initiation of lipid peroxidation. It contributes up to one-quarter of the 
total antioxidant activity in plasma. 


Vitamin E also plays an important role in the development and function of the 
immune system. In recognition of this the National Research Council requirements 
for dairy cows have been increased to reduce the incidence of mastitis. In studies 
with several species, supplementation of diets with the vitamin provided some pro- 
tection against infection with pathogenic organisms. 

Recent research has indicated that vitamin E is also involved in the regulation of 
cell signalling and gene expression. 

Like vitamin A, it was thought that the transfer of vitamin E across the placenta 
was limited, with the neonate relying on colostrum to meet its requirements. More 
recent evidence in sheep indicates that placental transfer does occur, with increased 
muscle and brain concentrations in lambs born from ewes fed higher levels. 
Nonetheless, colostrum is a very important source of vitamin E for the new born. 
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Deficiency symptoms 

The most frequent and, from a diagnostic point of view, the most important manifes- 
tation of vitamin E deficiency in farm animals is muscle degeneration (myopathy). 
Nutritional myopathy, also known as muscular dystrophy, frequently occurs in cattle, 
particularly calves, when they are turned out on to spring pasture. It is associated 
with low vitamin E and selenium intakes during the in-wintering period and possi- 
bly the relatively high concentration of polyunsaturated fatty acids in the young 
grass lipids. The requirement for the vitamin increases with increasing concentra- 
tions of polyunsaturated fatty acids in the diet. The myopathy primarily affects the 
skeletal muscles and the affected animals have weak leg muscles, a condition man- 
ifested by difficulty in standing and, after standing, a trembling and staggering gait. 
Eventually, the animals are unable to rise, and weakness of the neck muscles pre- 
vents them from raising the head. A popular descriptive name for this condition is 
‘white muscle disease’, owing to the presence of pale patches or white streaks in the 
muscles. The heart muscle may also be affected and death may result. Serum creatine 
phosphokinase and glutamic oxaloacetic transaminase levels are elevated in animals 
deficient in vitamin E. 

Nutritional myopathy also occurs in lambs, with similar symptoms to those of 
calves. The condition is frequently referred to as ‘stiff lamb disease’. Dietary supple- 
ments of vitamin E given to pregnant ewes have resulted in increased birth weight 
and improved vigour and viability of neonatal lambs through quicker times to stand 
and suck. The National Research Council has recently increased the dietary recom- 
mendation for vitamin E several fold owing to its beneficial effects on prolonging the 
shelf life of lamb at retail. 

In pigs, the two main diseases associated with vitamin E and selenium deficiency 
are myopathy and cardiac disease. Nutritional myopathy affects in particular young 
fast-growing pigs, but it may occur at any age. The pigs demonstrate an uncoordinated 
staggering gait or are unable to rise. In contrast to other animals, it is the pig’s heart 
muscle that is more often affected. Sudden cardiac failure occurs; on post-mortem 
examination, large amounts of fluid are found around the heart and lungs and the 
lesions of the cardiac muscles are seen as haemorrhagic and pale areas. This condition 
is commonly known as ‘mulberry heart disease’. Sometimes the liver is also affected 
and it becomes enlarged and mottled. Supplemental vitamin E has improved litter 
size in pigs, probably through its antioxidant properties protecting arachidonic acid 
and maintaining the functional integrity of the reproductive organs. 

Vitamin E deficiency in chicks may lead to a number of distinct diseases: myopa- 
thy, encephalomalacia and exudative diathesis. In nutritional myopathy the main 
muscles affected are the pectorals, although the leg muscles also may be involved. 
Nutritional encephalomalacia, or ‘crazy chick disease’, is a condition in which the 
chick is unable to walk or stand and is accompanied by haemorrhages and necrosis 
of brain cells. Exudative diathesis is a vascular disease of chicks characterised by a 
generalised oedema of the subcutaneous fatty tissues, associated with an abnormal 
permeability of the capillary walls. Both selenium and vitamin E appear to be in- 
volved in nutritional myopathy and in exudative diathesis, but the element does not 
seem to be important in nutritional encephalomacia. It should be stressed that sele- 
nium itself is a very toxic element and care is required in its use as a dietary additive. 
The toxic nature of selenium is discussed in Chapter 7. 

In horses, vitamin E deficiency results in the previously mentioned problems, i.e. 
lameness and muscle rigidity (‘tying up’) associated with skeletal and heart muscles. 
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The red blood cells become fragile and the release of myoglobin from damaged mus- 
cle cells gives rise to coffee-coloured urine. 


Vitamin K 


Vitamin K was discovered in 1935 to be an essential factor in the prevention of 
haemorrhagic symptoms in chicks. The discovery was made by a group of Danish sci- 
entists, who gave the name “koagulation factor’ to the vitamin, which became short- 
ened to the K factor and eventually to vitamin K. 


Chemical nature 


A number of forms of vitamin K are known to exist. All compounds exhibiting vita- 
min K activity possess a 2-methyl-1,4-naphthoquinone ring (menadione), which 
animals are unable to synthesise but plants and bacteria can. 


(0) 


CH3 
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Menadione (2-methyl-1,4-naphthoquinone) 


The form of the vitamin present in plants is 2-methyl-3-phytyl-1,4-naphtho- 
quinone, generally referred to as phylloquinone or vitamin Kj. 

The compound originally isolated from putrified fishmeal and designated vitamin 
K2 is now known to be only one of a series of K vitamins with unsaturated side 
chains synthesised by bacteria and referred to as menaquinones. The predominant 
vitamins of the menaquinone series contain six to ten isoprenoid (CH2:CCH3: 
CH:CH)) side-chain units. Menadione is the synthetic form of the vitamin and is 
designated as vitamin K3. 

Vitamins K are relatively stable at ordinary temperatures but are rapidly des- 
troyed on exposure to sunlight. 


Sources 


Phylloquinone is present in most green leafy materials, with lucerne, cabbage and 
kale being good sources. The amounts present in foods of animal origin are usually 
related to the diet, but egg yolk, liver and fishmeal are generally good sources. 
Menaquinones are synthesised by bacteria in the digestive tract of animals. 


Metabolism 


Vitamin K is necessary for the synthesis of prothrombin in the liver. In the blood-clotting 
process, prothrombin is the inactive precursor of thrombin, an enzyme that converts 
the protein fibrinogen in blood plasma into fibrin, the insoluble fibrous protein that 
holds blood clots together. Prothrombin normally must bind to calcium ions before it 
can be activated. If the supply of vitamin K is inadequate, then the prothrombin mole- 
cule is deficient in y-carboxyglutamic acid, a specific amino acid responsible for 
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calcium binding. Proteins containing y-carboxyglutamic acid, dependent on vitamin K 
for their formation, are also present in bone, kidney and other tissues. 


Deficiency symptoms 

Symptoms of vitamin K deficiency have not been reported in ruminants, horses and 
pigs under normal conditions, and it is generally considered that bacterial synthesis 
in the digestive tract supplies sufficient vitamin for the animal’s needs. A number of 
microorganisms are known to synthesise vitamin K, including Escherichia coli. Med- 
icines that affect the bacteria in the gut may depress the production of vitamin K.A 
disease of cattle called ‘sweet clover disease’ is associated with vitamin K. Sweet 
clover (Melilotus albus) naturally contains compounds called coumarins which, 
when the crop is preserved as hay or silage, may be converted by a variety of fungi, 
such as the Aspergillus species, to dicoumarol. This compound lowers the prothrom- 
bin content of the blood and thereby impairs the blood-clotting process. The disease 
can be overcome by administering vitamin K to the animals. For this reason di- 
coumarol is sometimes referred to as an ‘anti-vitamin’. 

The symptoms of vitamin K deficiency in chicks are anaemia and a delayed clotting 
time of the blood; birds are easily injured and may bleed to death. It is doubtful 
whether, in birds, microbially synthesised vitamin K is available by direct absorption 
from the digestive tract, because the site of its formation is too distal to permit absorp- 
tion of adequate amounts except by ingestion of faecal material (coprophagy). 


THE VITAMIN B COMPLEX 


The vitamins included under this heading are all soluble in water and most of them 
are components of coenzymes (see Table 5.3). Although the mechanism of action in 
this role is known, the connection between the observed deficiency symptoms and 
the failure of the metabolic pathways is not always clear. 

Unlike the fat-soluble vitamins, members of the vitamin B complex, with the ex- 
ception of cyanocobalamin, are not stored in the tissues in appreciable amounts and a 


Table 5.3 Some coenzymes and enzyme prosthetic groups involving the B vitamins 


Vitamin Coenzyme or prosthetic group Enzyme or other function 
Thiamin Thiamin pyrophosphate (TPP) Oxidative decarboxylation 
Riboflavin Flavin mononucleotide (FMN) Hydrogen carrier 
Riboflavin Flavin adenine dinucleotide Hydrogen carrier 
(FAD) 
Nicotinamide Nicotinamide adenine Hydrogen carrier 
dinucleotide (NAD) 
Nicotinamide Nicotinamide adenine dinucleotide Hydrogen carrier 
phosphate (NADP) 
Pyridoxine Pyridoxal phosphate Transaminases, 
decarboxylases 
Pantothenic acid Coenzyme A (CoA) Acyl transfer 
Folic acid Tetrahydrofolic acid One carbon transfer 
Biotin Biotin Carbon dioxide transfer 
Cyanocobalamin Methylcobalamin Isomerases, dehydrases 
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regular exogenous supply is essential. In ruminants, all the vitamins in this group can 
be synthesised by microbial action in the rumen and generally this will provide satis- 
factory amounts for normal metabolism in the host and secretion of adequate quanti- 
ties into milk. For example, it has been estimated that the amount of thiamin 
synthesised in the rumen is equal to the thiamin requirement. However, under certain 
conditions, deficiencies of thiamin and cyanocobalamin can occur in ruminants. In 
horses, the B vitamins synthesised by the microbial population of the gut plus those 
vitamins occurring in the food can meet the requirements of most adult animals. 


Thiamin 
Chemical nature 


Thiamin (vitamin B1) is a complex nitrogenous base containing a pyrimidine ring 
joined to a thiazole ring. Because of the presence of a hydroxyl group at the end of 
the side chain, thiamin can form esters.The main form of thiamin in animal tissues is 
the diphosphate ester, commonly known as thiamin pyrophosphate (TPP). The vita- 
min is very soluble in water and is fairly stable in mildly acidic solution but readily 
decomposes in neutral solutions. 


k NH; cree 
(T. T. 
a 
Thiamin chloride 
Sources 


Thiamin is widely distributed in foods. It is concentrated in the outer layers of seeds, 
the germ, and in the growing areas of roots, leaves and shoots. Fermentation prod- 
ucts, such as brewer’s yeast, are rich sources. Animal products rich in thiamin include 
egg yolk, liver, kidney and pork muscle. The synthetic vitamin is available, usually 
marketed as the hydrochloride. 


Metabolism 


Thiamin pyrophosphate (or thiamin diphosphate) is a coenzyme involved in (1) the 
oxidative decarboxylation of pyruvate to acetyl coenzyme A (enzyme: pyruvate 
dehydrogenase), (2) the oxidative decarboxylation of a-ketoglutarate to succinyl 
coenzyme A (a-ketoglutarate dehydrogenase) in the tricarboxylic acid cycle, (3) the 
pentose phosphate pathway (transketolase) and (4) the synthesis of branched-chain 
amino acids such as valine (branched-chain ketoacid dehydrogenase) in bacteria, 
yeasts and plants. 

Thiamin triphosphate is involved in the activation of the chloride ion channel in 
the membranes of nerves, possibly by phosphorylation of the channel protein. 


Deficiency symptoms 

Early signs of thiamin deficiency in most species include loss of appetite, emaciation, 
muscular weakness and a progressive dysfunction of the nervous system. In pigs, ap- 
petite and growth are adversely affected and the animals may vomit and have respi- 
ratory troubles. 
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Chicks reared on thiamin-deficient diets have poor appetites and consequently 
are emaciated. After about 10 days they develop polyneuritis, which is characterised 
by head retraction, nerve degeneration and paralysis. 

Many of these deficiency conditions in animals can be explained in terms of the 
role of TPP in the oxidative decarboxylation of pyruvic acid. On a thiamin-deficient 
diet animals accumulate pyruvic acid and its reduction product lactic acid in their tis- 
sues, which leads to muscular weakness. Nerve cells are particularly dependent on 
the utilisation of carbohydrate and for this reason a deficiency of the vitamin has a 
particularly serious effect on nervous tissue. Since acetyl coenzyme A is an impor- 
tant metabolite in the synthesis of fatty acids (see p. 220), lipogenesis is reduced. The 
pentose phosphate pathway is also impaired by a deficiency of thiamin but there is 
little effect on the activity of the citric acid cycle. 

Because thiamin is fairly widely distributed in foods and, in particular, because 
cereal grains are rich sources of the vitamin, pigs and poultry are in practice unlikely 
to suffer from thiamin deficiency. 

In ruminants, microbial synthesis of the vitamin in the digestive tract, together 
with that present in the diet, will normally provide adequate amounts of thiamin to 
satisfy the animal’s requirements. However, under certain conditions, bacterial thi- 
aminases can be produced in the rumen, which destroy the vitamin, thereby causing 
the deficiency condition known as cerebrocortical necrosis (CCN). This condition is 
characterised by circling movements, head pressing, blindness and muscular tremors. 
There are two types of thiaminase: one splits the molecule in two and the other sub- 
stitutes an N-containing ring for the thiazole ring. The resulting compound is absorbed 
and blocks the reactions involving thiamin. It has been suggested that lactic acidosis 
caused by feeding with rapidly fermentable foods may be an important factor in the 
production of thiaminases. Young animals appear to be the most susceptible. 

Thiaminase is present in bracken (Pteridium aquilinum), and thiamin deficiency 
symptoms have been reported in horses consuming this material. Raw fish also con- 
tains the enzyme, which destroys the thiamin in foods with which the fish is mixed. 
The activity of the thiaminase is, however, destroyed by cooking. 


Riboflavin 
Chemical nature 


Riboflavin (vitamin B2) consists of a dimethyl-isoalloxazine nucleus combined with 
ribitol. Its structure is shown here: 
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It is a yellow crystalline compound, which has a yellowish-green fluorescence in 
aqueous solution. Riboflavin is only sparingly soluble in water; it is heat-stable in 
acid or neutral solutions, but it is destroyed by alkali. It is unstable to light, particu- 
larly ultraviolet light. 


Sources 


Riboflavin occurs in all biological materials. The vitamin can be synthesised by all 
green plants, yeasts, fungi and most bacteria, although the lactobacilli are a notable 
exception and require an exogenous source. Rich sources are yeast, liver, milk (espe- 
cially whey) and green leafy crops. Cereal grains are poor sources. 


Metabolism 


Riboflavin is an important constituent of the flavoproteins. The prosthetic group of 
these compound proteins contains riboflavin in the form of the phosphate (flavin 
mononucleotide, FMN) or in a more complex form as flavin adenine dinucleotide 
(FAD). There are several flavoproteins that function in the animal body; they 
are all concerned with chemical reactions involving the transport of hydrogen. 
Further details of the importance of flavoproteins in carbohydrate and amino 
acid metabolism are discussed in Chapter 9. Flavin adenine dinucleotide plays a 
role in the oxidative phosphorylation system (see Fig. 9.2 on p. 196) and forms the 
prosthetic group of the enzyme succinic dehydrogenase, which converts succinic 
acid to fumaric acid in the citric acid cycle. It is also the coenzyme for acyl-CoA 
dehydrogenase. 


Deficiency symptoms 

In pigs, deficiency symptoms include poor appetite, with consequent retardation in 
growth, vomiting, skin eruptions and eye abnormalities. Riboflavin is essential in the 
diet of sows to maintain normal oestrus activity and prevent premature parturition. 
Chicks reared on a riboflavin-deficient diet grow slowly and develop ‘curled toe 
paralysis’, a specific symptom caused by peripheral nerve degeneration, in which the 
chicks walk on their hocks with the toes curled inwards. In breeding hens, a defi- 
ciency reduces hatchability. Embryonic abnormalities occur, including the character- 
istic ‘clubbed down’ condition in which the down feather continues to grow inside 
the follicle, resulting in a coiled feather. 

The vitamin is synthesised in the rumen and deficiencies in animals with func- 
tional rumens are unlikely to occur. However, riboflavin deficiencies have been 
demonstrated in young calves and lambs. Symptoms include loss of appetite, diar- 
rhoea and lesions in the corners of the mouth. 


Nicotinamide 
Chemical nature 


Another member of the B vitamin complex, nicotinamide is the amide derivative of 
nicotinic acid (pyridine 3-carboxylic acid) and is the form in which it functions in the 
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body. The relationship between nicotinic acid, nicotinamide and the amino acid tryp- 
tophan, which can act as a precursor, is shown here: 


< re “SS CONH2 | | CH)—CH— COOH 
SS ZA NH2 
N N N 
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Nicotinic acid Nicotinamide Tryptophan 


Nicotinamide is a stable vitamin and is not easily destroyed by heat, acids, alkalis 
or oxidation. 


Sources 


Nicotinic acid can be synthesised from tryptophan in the body tissues; since ani- 
mals can convert the acid to the amide-containing coenzyme (see below), it fol- 
lows that if the diet is adequately supplied with proteins rich in tryptophan, then 
the dietary requirement for the vitamin itself should be low. However, the effi- 
ciency of conversion of tryptophan into nicotinamide is poor. Studies with chicks 
have shown that the amino acid was converted into the vitamin at a ratio of only 
45 : 1 on a weight basis and with some foods, such as soya bean meal, the conver- 
sion ratio may be even greater. Because of this it is generally considered that an 
exogenous source of the vitamin is also necessary. Although cats possess the 
enzymes for the conversion of tryptophan to nicotinic acid, the activity of an 
enzyme in a competing pathway is very high and no nicotinic acid is synthesised. 
Cats do not need to produce nicotinic acid because their natural diet is well 
supplied with NAD and NADH. Rich sources of the vitamin are liver, yeast, 
groundnut and sunflower meals. Although cereal grains contain the vitamin, much 
of it is present in a bound form that is not readily available to pigs and poultry. 
Milk and eggs are almost devoid of the vitamin, although they contain the precur- 
sor tryptophan. 


Metabolism 


Nicotinamide functions in the animal body as the active group of two important 
coenzymes: nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine 
dinucleotide phosphate (NADP). These coenzymes are involved in the mechanism of 
hydrogen transfer in living cells (see Chapter 9): NAD is involved in the oxidative 
phosphorylation system, the tricyclic acid (TCA) cycle and the metabolism of many 
molecules, including pyruvate, acetate, B-hydroxy-butyrate, glycerol, fatty acids and 
glutamate; NADPH is the hydrogen acceptor in the pentose phosphate pathway. 


Deficiency symptoms 


In pigs, deficiency symptoms include poor growth, anorexia, enteritis, vomiting 
and dermatitis. In fowls, a deficiency of the vitamin causes bone disorders, 
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feathering abnormalities, and inflammation of the mouth and upper part of the 
oesophagus. 

Deficiency symptoms are particularly likely in pigs and poultry if diets with a 
high maize content are used, since maize contains very little of the vitamin or of 
tryptophan. 

It has been suggested that through its effects on (1) rumen fermentation (some 
experiments have shown increased microbial growth and increased propionic acid 
production) and (2) cell metabolism (increased utilisation of carbohydrate and re- 
duced lipid mobilisation), nicotinic acid may be a useful supplement to dairy cows, 
particularly in situations of subclinical ketosis. However, the experimental evidence 
is not consistent. Nicotinic acid does not always give positive responses in the rumen 
and increases in blood concentrations were not observed in all experiments. Current 
recommendations do not advocate the supplementation of dairy cow diets in order 
to increase milk yield and composition. 


Vitamin B6 

Chemical nature 

The vitamin exists in three forms, which are interconvertible in the body tissues. The 
parent substance is known as pyridoxine, the corresponding aldehyde derivative as 
pyridoxal and the amine as pyridoxamine. The term vitamin Bg is generally used to 
describe all three forms. 


CH;OH CHO CH2NH2 
HO CH20H HO CH20OH HO CH20H 
SS SS SS $ 
A Z A 
HsC N H3C N HsC N 
Pyridoxine Pyridoxal Pyridoxamine 


The amine and aldehyde derivatives are less stable than pyridoxine and are 
destroyed by heat. 


Sources 


The vitamin is present in plants as pyridoxine, whereas animal products may also 
contain pyridoxal and pyridoxamine. Pyridoxine and its derivatives are widely dis- 
tributed: yeast, pulses, cereal grains, liver and milk are rich sources. 


Metabolism 


Of the three related compounds, the most actively functioning is pyridoxal in the 
form of the phosphate. Pyridoxal phosphate plays a central role as a coenzyme in 
the reactions by which a cell transforms nutrient amino acids into mixtures of 
amino acids and other nitrogenous compounds required for its own metabolism. 


The vitamin B complex 


These reactions involve the activities of transaminases and decarboxylases (see 
p. 210), and over 50 pyridoxal phosphate-dependent enzymes have been identified. 
In transamination, pyridoxal phosphate accepts the a-amino group of the amino 
acid to form pyridoxamine phosphate and a keto acid. The amino group of pyri- 
doxamine phosphate can be transferred to another keto acid, regenerating pyri- 
doxal phosphate. The vitamin is believed to play a role in the absorption of amino 
acids from the intestine. 


Deficiency symptoms 

Because of the numerous enzymes requiring pyridoxal phosphate, a large variety of 
biochemical lesions are associated with vitamin Bg deficiency. These lesions are con- 
cerned primarily with amino acid metabolism, and a deficiency affects the animal’s 
growth rate. Convulsions may also occur, possibly because a reduction in the activity 
of glutamic acid decarboxylase results in an accumulation of glutamic acid. In addi- 
tion, pigs reduce their food intake and may develop anaemia. Chicks on a deficient 
diet show jerky movements; in adult birds, hatchability and egg production are ad- 
versely affected. In practice, vitamin Bç deficiency is unlikely to occur in farm ani- 
mals because of the vitamin’s wide distribution. 


Pantothenic acid 
Chemical nature 


Pantothenic acid, another member of the vitamin B complex, is an amide of pantoic 
acid and f-alanine and has the following formula: 


CH3 OH 


HOCH»— C — CH— CONHCH>CH»COOH 


CH3 


Pantothenic acid 


Sources 


The vitamin is widely distributed; indeed, the name is derived from the Greek 
pantothen, ‘from everywhere’, indicating its ubiquitous distribution. Rich sources are 
liver, egg yolk, groundnuts, peas, yeast and molasses. Cereal grains and potatoes are 
also good sources of the vitamin. The free acid is unstable. The synthetically prepared 
calcium pantothenate is the commonest product used commercially. 


Metabolism 


Pantothenic acid is a constituent of coenzyme A, which is the important coenzyme 
in fatty acid oxidation, acetate metabolism, and cholesterol and steroid synthesis. It 
forms the prosthetic group of acyl carrier protein in fatty acid synthesis. Chemically, 
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coenzyme A is 3-phospho-adenosine-5-diphospho-pantotheine. The importance of 
this coenzyme in metabolism is discussed in Chapter 9. 
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Coenzyme A 
Deficiency symptoms 


Deficiency of pantothenic acid in pigs causes slow growth, diarrhoea, loss of hair, 
scaliness of the skin and a characteristic ‘goose-stepping’ gait; in severe cases, 
animals are unable to stand. In the chick, growth is retarded and dermatitis occurs. 
In mature birds, hatchability is reduced. Pantothenic acid, like all the B complex 
vitamins, can be synthesised by rumen microorganisms; Escherichia coli, for ex- 
ample, is known to produce this vitamin. Pantothenic acid deficiencies are consid- 
ered to be rare in practice because of the wide distribution of the vitamin, 
although deficiency symptoms have been reported in commercial herds of 
Landrace pigs. 


Folic acid 
Chemical nature 


This B complex vitamin was first discovered in the 1930s when it was found that a 
certain type of anaemia in human beings could be cured by treatment with yeast 
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or liver extracts. The active component in the extracts, which was also shown to be 
essential for the growth of chicks, was found to be present in large quantities in 
green leaves and was named folic acid (Latin folium, a leaf). 

The chemical name for folic acid is pteroylmonoglutamic acid. It is made up of 
three moieties: p-aminobenzoic acid, glutamic acid and a pteridine nucleus. 


NH> N N 
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Pteroylmonoglutamic acid 


Several active derivatives of the vitamin are known to occur, these containing up 
to 11 glutamate residues in the molecule. The monoglutamate form is readily ab- 
sorbed from the digestive tract but the polyglutamates must be degraded by en- 
zymes to the monoglutamate form before they can be absorbed. 


Sources 


Folic acid is widely distributed in nature; green leafy materials, cereals and ex- 
tracted oilseed meals are good sources of the vitamin. Folic acid is reasonably stable 
in foods stored under dry conditions, but it is readily degraded by moisture, partic- 
ularly at high temperatures. It is also destroyed by ultraviolet light. 


Metabolism 


After absorption into the cell, folic acid is converted into tetrahydrofolic acid, which 
functions as a coenzyme in the mobilisation and utilisation of single-carbon groups 
(e.g. formyl, methyl) that are added to, or removed from, such metabolites as histi- 
dine, serine, glycine, methionine and purines. It is involved in the synthesis of RNA, 
DNA and neurotransmitters. 


Deficiency symptoms 

A variety of deficiency symptoms in chicks and young turkeys have been re- 
ported, including poor growth, anaemia, poor bone development and poor egg 
hatchability. Folic acid deficiency symptoms rarely occur in other farm animals be- 
cause of synthesis by intestinal bacteria. Injections of folic acid in sows has in- 
creased litter size. In one experiment, dietary supplements resulted in higher foetal 
survival, thought to be related to prostaglandin activity, but the response has not 
been substantiated in other experiments, possibly because of the variable content 
of folic acid in foods. Its role in nucleic acid metabolism concurs with the view 
that supplements might be beneficial at times of growth and differentiation of em- 
bryonic tissue. 
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Biotin 
Chemical nature 


A part of the vitamin B complex, biotin is chemically 2-keto-3,4-imidazolido-2- 
tetrahydrothiophene-n-valeric acid. Its structure is: 


HN” NH 


CH 


H>C r Sa. R 
Biotin 


Sources 


Biotin is widely distributed in foods: liver, milk, yeast, oilseeds and vegetables are rich 
sources. However, in some foods, much of the bound vitamin may not be released dur- 
ing digestion and hence may be unavailable. Studies with chicks and pigs have shown 
that the availability of biotin in barley and wheat is very low, whereas the biotin in 
maize and certain oilseed meals, such as soya bean meal, is completely available. 


Metabolism 


Biotin serves as the prosthetic group of several enzymes that catalyse the transfer of 
carbon dioxide from one substrate to another. In animals there are three biotin- 
dependent enzymes of particular importance: pyruvate carboxylase (carbohydrate 
synthesis from lactate), acetyl coenzyme A carboxylase (fatty acid synthesis) and 
propionyl coenzyme A carboxylase (the pathway of conversion of propionate to 
succinyl-CoA). The specific role of these enzymes in metabolism is discussed in 
Chapter 9. 


Deficiency symptoms 

In pigs, biotin deficiency causes foot lesions, alopecia (hair loss) and dry scaly skin. 
In growing pigs, both growth rate and food utilisation are adversely affected. In 
breeding sows, a deficiency of the vitamin can adversely influence reproductive per- 
formance. 

In poultry, biotin deficiency causes reduced growth, dermatitis, leg bone abnormali- 
ties, cracked feet, poor feathering, and fatty liver and kidney syndrome (FLKS). This last 
condition, which mainly affects 2- to 5-week-old chicks, is characterised by a lethargic 
state with death frequently following within a few hours. On autopsy, the liver and 
kidneys, which are pale and swollen, contain abnormal depositions of lipid. 

Although ruminants and horses do not have a requirement for dietary biotin, 
microbial production in the gut normally being adequate, feeding biotin has 
improved hoof structure and strength. 

Biotin deficiency can be induced by giving animals avidin, a protein present in the 
raw white of eggs, which combines with the vitamin and prevents its absorption 
from the intestine. Certain bacteria of the Streptomyces spp. that are present in soil 
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and manure produce streptavidin and stravidin, which have a similar action to the 
egg white protein. Heating inactivates these antagonist proteins. 


Choline 
Chemical nature 


The chemical structure of choline is: 


CH3 
+| 
CH3 — N— CH>CH;OH 


CH3 


Choline 


Sources 


Green leafy materials, yeast, egg yolk and cereals are rich sources of choline. 


Metabolism 


Unlike the other B vitamins, choline is not a metabolic catalyst but forms an essen- 
tial structural component of body tissues. It is a component of lecithins, which play 
a vital role in cellular structure and activity. It also plays an important part in lipid 
metabolism in the liver, where it converts excess fat into lecithin or increases the util- 
isation of fatty acids, thereby preventing the accumulation of fat in the liver. Choline 
is a component of acetylcholine, which is responsible for the transmission of nerve 
impulses. Finally, choline serves as a donor of methyl groups in transmethylation 
reactions that involve folic acid or vitamin B12. Although other compounds, such as 
methionine and betaine, can also act as methyl donors, they cannot replace choline 
in its other functions. 

Choline can be synthesised in the liver from methionine; the exogenous require- 
ment for this vitamin is therefore influenced by the level of methionine in the diet. 


Deficiency symptoms 

Deficiency symptoms, including slow growth and fatty infiltration of the liver, have 
been produced in chicks and pigs. Choline is also concerned with the prevention of 
perosis or slipped tendon in chicks. The choline requirement of animals is unusually 
large for a vitamin, but in spite of this, deficiency symptoms are not common in 
farm animals because of its wide distribution and its high concentrations in foods, 
and because it can be readily derived from methionine. 


Vitamin B+; 

Chemical nature 

Vitamin B12 has the most complex structure of all the vitamins. The basic unit is a cor- 
rin nucleus, which consists of a ring structure comprising four five-membered rings 
containing nitrogen. In the active centre of the nucleus is a cobalt atom. A cyano group 
is usually attached to the cobalt as an artefact of isolation and, as this is the most sta- 
ble form of the vitamin, it is the form in which the vitamin is commercially produced. 
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Vitamin B412 (cyanocobalamin) 


In the animal, the cyanide ion is replaced by a variety of ions, e.g. hydroxyl 
(hydroxocobalamin), methyl (methylcobalamin) and 5-deoxyadenosyl (5-deoxyadeno- 
sylcobalamin), the last two forms acting as coenzymes in animal metabolism. 


Sources 


Vitamin B12 is considered to be synthesised exclusively by microorganisms and its pres- 
ence in foods is thought to be ultimately of microbial origin. The main natural sources 
of the vitamin are foods of animal origin, liver being a particularly rich source. Its lim- 
ited occurrence in higher plants is still controversial, since many think that its presence 
in trace amounts may result from contamination with bacteria or insect remains. 


Metabolism 


Before vitamin B12 can be absorbed from the intestine it must be bound to a highly 
specific glycoprotein, termed the intrinsic factor, which is secreted by the gastric mu- 
cosa. In humans, the intrinsic factor may be lacking, which leads to poor absorption 
of the vitamin and results in a condition known as pernicious anaemia. 

The coenzymic forms of vitamin B42 function in several important enzyme sys- 
tems. These include isomerases, dehydrases and enzymes involved in the biosynthesis 


5.4 


Vitamin C 


of methionine from homocysteine. Of special interest in ruminant nutrition is the role 
of vitamin B12 in the metabolism of propionic acid into succinic acid. In this pathway, 
the vitamin is necessary for the conversion of methylmalonyl coenzyme A into suc- 
cinyl coenzyme A (see p. 203). 


Deficiency symptoms 
Adult animals are generally less affected by a vitamin Bj, deficiency than are young 
growing animals, in which growth is severely retarded and mortality high. 

In poultry, in addition to the effect on growth, feathering is poor and kidney dam- 
age may occur. Hens deprived of the vitamin remain healthy, but hatchability is 
adversely affected. 

On vitamin Bj -deficient diets, baby pigs grow poorly and show lack of coordina- 
tion of the hind legs. In older pigs, dermatitis, a rough coat and suboptimal growth 
result. Intestinal synthesis of the vitamin occurs in pigs and poultry. Organisms that 
synthesise vitamin B42 have been isolated from poultry excreta; this fact has an im- 
portant practical bearing on poultry housed with access to litter, where a majority, if 
not all, of the vitamin requirements can be obtained from the litter. 

Vitamin B12 and a number of biologically inactive vitamin B42 analogues are synthe- 
sised by microorganisms in the rumen and, in spite of poor absorption of the vitamin 
from the intestine, the ruminant normally obtains an adequate amount of the vitamin 
from this source. However, if levels of cobalt in the diet are low, a deficiency of the vita- 
min can arise and cause reduced appetite, emaciation and anaemia (see p. 125). If cobalt 
levels are adequate, then except with very young ruminant animals, a dietary source of 
the vitamin is not essential. Horses also are supplied with sufficient B12 from microbial 
fermentation when sufficient cobalt is supplied. Parasitised horses have responded to 
vitamin B12 supplementation, presumably as a result of impaired digestive activity. 


Other growth factors included in the vitamin B complex 


A number of other chemical substances of an organic nature have been included in 
the vitamin B complex. These include inositol, orotic acid, lipoic acid, rutin, carnitine 
and pangamic acid, but it is doubtful whether these compounds have much practical 
significance in the nutrition of farm animals. 


VITAMIN C 


Chemical nature 


Vitamin C is chemically known as L-ascorbic acid and has the following formula: 
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HO—C 
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L-Ascorbic acid 
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5.5 


The vitamin is a colourless, crystalline, water-soluble compound with acidic and 
strong reducing properties. It is heat-stable in acid solution but is readily decom- 
posed in the presence of alkali. The destruction of the vitamin is accelerated by 
exposure to light. 


Sources 


Well-known sources of this vitamin are citrus fruits and green leafy vegetables. 
Synthetic ascorbic acid is available commercially. 


Metabolism 


Ascorbic acid plays an important part in various oxidation-reduction mechanisms in 
living cells. The vitamin is necessary for the maintenance of normal collagen metabo- 
lism. It also plays an important role in the transport of iron ions from transferrin, 
found in the plasma, to ferritin, which acts as a store of iron in the bone marrow, liver 
and spleen. As an antioxidant, ascorbic acid works in conjunction with vitamin E in 
protecting cells against oxidative damage caused by free radicals (see Box 5.2). The 
vitamin is required in the diet of only a few vertebrates — humans, other primates, 
guinea pigs, the red-vented bulbul bird and the fruit-eating bat (both native to India) 
and certain fishes. Some insects and other invertebrates also require a dietary source 
of vitamin C. Other species synthesise the vitamin from glucose, via glucuronic acid 
and gulonic acid lactone; the enzyme L-gulonolactone oxidase is required for the syn- 
thesis, and species requiring ascorbic acid are genetically deficient in this enzyme. 


Deficiency symptoms 

The classic condition in humans arising from a deficiency of vitamin C is scurvy, 
characterised by oedema, emaciation and diarrhoea. Failure in collagen formation 
results in structural defects in bone, teeth, cartilage, connective tissues and muscles. 
Resistance to infection is reduced. 

Since farm animals can synthesise vitamin C, deficiency symptoms normally do 
not arise. However, it has been suggested that under certain conditions, e.g. climatic 
stress in poultry, the demand for ascorbic acid becomes greater than can be provided 
for by normal tissue synthesis, and a dietary supplement may then be beneficial. 


HYPERVITAMINOSIS 


Hypervitaminosis is the name given to pathological conditions resulting from an 
overdose of vitamins. Under ‘natural’ conditions it is unlikely that farm animals will 
receive excessive doses of vitamins, although when synthetic vitamins are added to 
diets there is always the risk that abnormally large amounts may be ingested if errors 
are made during mixing. There is experimental evidence that toxic symptoms can 
occur if animals are given excessive quantities of vitamin A or D. 

Clinical signs of hypervitaminosis A in young chicks kept under experimental 
conditions and given very high doses of vitamin A include loss of appetite, poor 
growth, diarrhoea, encrustation around the mouth and reddening of the eyelids. In 
pigs, toxic symptoms include rough coat, scaly skin, hyperirritability, haemorrhages 
over the limbs and abdomen, periodic tremors and death. 


SUMMARY 


Summary 


Excessive intake of vitamin D causes abnormally high levels of calcium and phos- 
phorus in the blood, which results in the deposition of calcium salts in the arteries 
and organs. Symptoms of hypervitaminosis D have been noted in cattle and calves. 
In the UK, the maximum amount of vitamin D supplement added to diets for farm 
animals is controlled by legislation. 

Depression in growth and anaemia caused by excessive doses of menadione (vita- 
min K) have been reported. 


Vitamins are involved in metabolic pathways as coenzymes, and some act as protectors in antioxidant 
and immune systems. The sources and functions of individual vitamins, and the disorders caused by 
their deficiencies, are summarised below. 


Vitamin Source Actions Deficiency symptoms 
A, retinol Fish-liver oil Sight, Blindness, 

epithelial tissues epithelial infection 
Ds, cholecalciferol Fish-liver oil, Calcium absorption Rickets 


E, a-tocopherol 


K, menadione 
B,, thiamin 


B>, riboflavin 


Nicotinamide 
Bs, pyridoxine 
Pantothenic acid 
Folic acid 

Biotin 

Choline 


B12, cyanocobalamin 


C, ascorbic acid 


sun-dried roughage 
Green foods, cereals 


Green foods, egg yolk 
Seeds 


Green foods, milk 


Yeast, liver, tryptophan 


Cereals, yeast 
Liver, yeast, cereals 


Green foods, cereals, 
oilseed meals 


Liver, vegetables 


Green foods, cereals, 
methionine 


Microorganisms, liver 


Citrus fruits, leafy 
vegetables 


Antioxidant 


Prothrombin 
synthesis 


Carbohydrate and 
fat metabolism 


Carbohydrate and 
amino acid 
metabolism 


Hydrogen transfer 
(NAD and NADP) 


Amino acid metabolism 


Acetate and fatty acid 
metabolism 
(coenzyme A) 


Metabolism of single 
carbon compounds 
Carbon dioxide transfer 
Component of lecithin 


Propionate metabolism 


Oxidation-reduction 
reactions 


Muscle degeneration, 
liver damage 

Anaemia, delayed 
clotting 


Poor growth, 
polyneuritis 


Poor growth, curled toe 
paralysis 


Poor growth, dermatitis 


Poor growth, convulsions 

Poor growth, scaly 
skin, ‘goose-stepping’ 
in pigs 

Poor growth, anaemia, 
poor hatchability 


Foot lesions, hair loss, 
FLKS 


Poor growth, fatty liver, 
perosis 


Poor growth, anaemia, 
poor coat/feathering 


Reduced resistance to 
infection 


FLKS = fatty liver and kidney syndrome. 
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FUNCTIONS OF MINERALS 


Although most of the naturally occurring mineral elements are found in animal tis- 
sues, many are thought to be present merely because they are constituents of the 
animal’s food and may not have an essential function in the animal’s metabolism. 
The term “essential mineral element’ is restricted to a mineral element that has been 
proven to have a metabolic role in the body. Before an element can be classed as 
essential it is generally considered necessary to prove that purified diets lacking 
the element cause deficiency symptoms in animals and that those symptoms can be 
eradicated or prevented by adding the element to the experimental diet. Most 
research on mineral nutrition has been carried out in this way. However, some of the 
mineral elements required by animals for normal health and growth are needed in 
such minute amounts that the construction of deticient diets is often difficult to 
achieve and deficiency has been demonstrated only in laboratory animals under spe- 
cial conditions. In such studies it is necessary not only to monitor food and water 
supplies but also to ensure that animals do not obtain the element under investiga- 
tion from cages, troughs, attendants or dust in the atmosphere. 

Requirements or allowances for minerals may be derived factorially from the 
amounts required to meet endogenous losses and the mineral retained or excreted in 
products, or, more usually for the trace elements, empirically from dose responses to 
levels in the diet. The main problem for the minerals with more than one function is 
deciding on the criterion for adequacy. Dietary levels of mineral that are sufficient 
for one function may be inadequate for another. Adequacy for the short period of 
growth of animals slaughtered for meat may not cover the long-term needs of breed- 
ing and longevity of adult stock. Also, for the minerals involved in bone formation, 
there are many criteria, such as bone dimensions, strength, histology and composi- 
tion. Depletion of body reserves in times of undernutrition will supply the mineral 
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for its metabolic functions, and this needs to be considered if requirements are to be 
measured accurately. 

Until 1950, 13 mineral elements were classified as essential: these comprised 
the major elements (calcium, phosphorus, potassium, sodium, chlorine, sulphur, 
magnesium) and the micro or trace elements (iron, iodine, copper, manganese, zinc 
and cobalt). By 1970, molybdenum, selenium, chromium and fluorine had been 
added to the list; subsequently, arsenic, boron, lead, lithium, nickel, silicon, tin, 
vanadium, rubidium and aluminium have also been included, the list varying 
slightly according to the different authorities. Plant and animal tissues contain a 
further 30 mineral elements, in small quantities, for which no essential function 
has been found. They may be acquired from the environment, but it has been sug- 
gested that as many as 40 or more elements may have metabolic roles in mam- 
malian tissues. Fortunately, many of these trace elements, especially those of more 
recent discovery, are required in such minute quantities, or are so widely distrib- 
uted in foods for animals, that deficiencies are likely to be extremely rare under 
normal practical conditions. 

The classification of the essential minerals into major elements and trace ele- 
ments depends upon their concentration in the animal or amounts required in 
the diet. Normally trace elements are present in the animal body in a concentration 
not greater than 50 mg/kg and are required at less than 100 mg/kg diet. Those es- 
sential mineral elements that are of particular nutritional importance together with 
their approximate concentrations in the animal body are shown in Table 6.1. 

The minerals are held in different forms in the body, which can be considered as 
compartments. There is a central reserve or interchange compartment, which is usu- 
ally blood plasma, and one or more compartments that interchange the mineral with 
the central compartment at various rates, e.g. compartments easy or difficult to mo- 
bilise. Metabolic processes take place via the central reserve (plasma), which re- 
ceives minerals from other compartments, the digestive tract and the difficult to 
mobilise compartment. The central reserve secretes mineral into the readily mo- 
bilised compartments, the difficult to mobilise compartment, the gastrointestinal 
tract, the kidneys and milk. The flux between the compartments can be measured by 
a combination of balance trials and injection of radioactive marker followed by sam- 
pling the tissues over time. An example of the body compartments of copper is 
shown in Fig. 6.1. 


Table 6.1 Nutritionally important essential mineral elements and their 
approximate concentration in the animal 


Major elements g/kg Trace elements mg/kg 
Calcium 15 Iron 20-80 
Phosphorus 10 Zinc 10-50 
Potassium 2 Copper 1-5 
Sodium 1.6 Molybdenum 1-4 
Chlorine 1.1 Selenium 1-2 
Sulphur 1.5 Iodine 0.3-0.6 
Magnesium 0.4 Manganese 0.2-0.5 
Cobalt 0.02-0.1 
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Fig. 6.1 Diagram of the possible routes of movement of copper in the ruminant 
body. A is a temporary storage compartment for copper in the liver destined for 
exchange with blood and excretion into bile, B represents a temporary storage 
for incorporation into caeruloplasmin and C represents a long-term storage 
compartment. 


Adapted from Symonds H W and Forbes J M 1993 Mineral metabolism. In: Forbes J M and France J (eds) 
Quantitative Aspects of Ruminant Digestion and Metabolism, Wallingford, CABI. 


Nearly all the essential mineral elements, both major and trace, are believed to 
have one or more catalytic functions in the cell. Some mineral elements are firmly 
bound to the proteins of enzymes (see Box 6.1), while others are present in pros- 
thetic groups in chelated form. A chelate is a cyclic compound that is formed be- 
tween an organic molecule and a metallic ion, the latter being held within the 
organic molecule as if by a claw (‘chelate’ is derived from the Greek work meaning 
‘claw’). Examples of naturally occurring chelates are the chlorophylls, cytochromes, 
haemoglobin and vitamin B12. 

Elements such as sodium, potassium and chlorine have primarily an electrochem- 
ical or physiological function and are concerned with the maintenance of acid-base 
balance, membrane permeability and the osmotic control of water distribution 
within the body. Some elements have a structural role, for example calcium and 
phosphorus are essential components of the skeleton and sulphur is necessary for 
the synthesis of structural proteins. Finally, certain elements have a regulatory func- 
tion in controlling cell replication and differentiation; zinc acts in this way by influ- 
encing the transcription process, in which genetic information in the nucleotide 
sequence of DNA is transferred to that of an RNA molecule. It is not uncommon for 
an element to have a number of different roles; for example, magnesium functions 
catalytically, electrochemically and structurally. 

A number of elements have unique functions. Iron is important as a constituent 
of haem, which is an essential part of a number of cytochromes important in respira- 
tion. Cobalt is a component of vitamin B12 and iodine forms part of the hormone 
thyroxine. 
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BOX 6.1 Mineral elements and enzymes 


Below are some examples of the involvement of minerals in enzymes (summarised from Underwood 
and Suttle — see Further reading). 


Mineral Enzyme Function 


Iron Succinate dehydrogenase Aerobic oxidation of carbohydrates 
Cytochromes a, b and c Electron transfer 


Copper Cytochrome oxidase Terminal oxidase 
Ceruloplasmin (ferroxidase) Iron utilisation: copper transport 
Superoxide dismutase Dismutation of superoxide radical O2 ` 


Carbonic anhydrase CO, formation 

Alcohol dehydrogenase Alcohol metabolism 

Carboxypeptidase A Protein digestion 

Alkaline phosphatase Hydrolysis of phosphate esters 
Manganese Pyruvate carboxylase Pyruvate metabolism 

Superoxide dismutase Antioxidant by removing O> 
Molybdenum Xanthine dehydrogenase Purine metabolism 

Sulphite oxidase Sulphite oxidation 
Selenium Glutathione peroxidases Removal of H>O> and hydroperoxides 

Type I and III deiodinases Conversion of thyroxine to active form 


Some elements, for example calcium and molybdenum, may interfere with the 
absorption, transport, function, storage or excretion of other elements. There are 
many ways in which minerals may interact, but the three major ways involve the 
formation of unabsorbable compounds, competition for metabolic pathways and 
the induction of metal-binding proteins. The interaction of minerals with each other 
is an important factor in animal nutrition, and an imbalance of mineral elements — 
as distinct from a simple deficiency - is important in the aetiology of certain nutri- 
tional disorders of farm animals. The use of radioactive isotopes in recent years has 
advanced our knowledge of mineral nutrition, although there are many nutritional 
diseases associated with minerals whose exact causes are still unknown. 

Although we have been considering the essential role of minerals in animal 
nutrition, it is important to realise that many are toxic — causing illness or death — if 
given to the animal in excessive quantities. This is particularly true of copper, sele- 
nium, molybdenum, fluorine, vanadium and arsenic. Copper is a cumulative poison, 
the animal body being unable to excrete it efficiently; small amounts of copper 
given in excess of the animal’s daily needs will, in time, produce toxic symptoms. 
This also applies to the element fluorine. Supplementation of any diet with miner- 
als should always be carried out with great care, and the indiscriminate use of trace 
elements in particular must be avoided. Ideally, the supplement should be tailored 
to the target animal and a blanket oversupply should be avoided as it is wasteful 
and potentially dangerous. Minerals should be added to concentrate foods via a 
premix and thoroughly mixed to avoid ‘hot spots’ of high concentration and poten- 
tial toxicity. 
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Natural and supplementary sources of minerals 


NATURAL AND SUPPLEMENTARY SOURCES OF MINERALS 


Plants and plant products form the main supply of nutrients to animals, and the compo- 
sition of plants will influence the animal’s mineral intake. Thus, the species and stage of 
maturity of the plant, the type of soil and climate, and the seasonal conditions are im- 
portant factors. Legumes tend to be richer in the major minerals and certain trace ele- 
ments than are grasses, and this is also the case with the seeds of legumes compared 
with the seeds of grasses and cereals. Soil conditions and mineral content affect the up- 
take of minerals by plants, and this can be further influenced by fertiliser application. 
One of the major influences is soil pH, the effect of which differs among the elements. 
For example, molybdenum uptake by plants increases with an increase in soil pH, but 
cobalt and manganese contents decrease. Therefore, adjusting soil pH with lime will in- 
fluence the mineral content of plants. Herbage magnesium content and availability can 
be reduced by potassium and nitrogen fertilisers. The main animal products used in ani- 
mal feeding, fishmeal, whey and skimmed milk, are good sources of the major minerals. 

Usually, diets for farm animals contain a mineral/trace element/vitamin supple- 
ment and, on occasions, it is necessary to include extra supplies of some minerals, 
e.g. calcium for laying hens. Common sources of minerals used in mineral supple- 
ments are limestone for calcium, dicalcium phosphate for phosphorus, common salt 
for sodium, and calcined magnesite for magnesium. Trace elements are usually sup- 
plied in a salt form, e.g. selenium as sodium selenite. When considering sources of 
mineral, the cost, chemical and physical form, and freedom from impurities are 
taken into account. It is also necessary to take account of the availability of the ele- 
ment in question (see Chapter 10). Calcium tends to have a high availability from 
most sources and the phosphorus in ortho- and meta-phosphates has an availability 
of 80-100 per cent. The availability of phosphorus from rock phosphates can be very 
low. Magnesium from calcined magnesite has an availability of 50-60 per cent, 
whereas that from magnesium sulphate is up to 70 per cent. Sulphur from sulphates 
is 50-90 per cent available. The availability of trace elements in the form of sulphate, 
chloride or nitrate salts is high because they are water-soluble. Table 6.2 shows the 
availability of minerals in a number of sources relative to a standard source. In these 
examples the criteria used to assess the relative availability of the different minerals 
vary, e.g. absorption, accumulation in tissues, production of metabolically active 
compounds; hence, some sources in Table 6.2 have values greater than 100 per cent 
when compared with the standard source of the mineral. 

Free ions from inorganic sources can form complexes with other dietary con- 
stituents, resulting in low absorbability and availability to the animal. Minerals in 
‘chelated’ or ‘organic’ form (where the element is in combination with an organic 
molecule such as an amino acid) are protected from reaction with other constituents 
and theoretically have a greater absorbability than inorganic sources. Chelates were 
mentioned above and the addition of chelated minerals as supplements to diets is 
currently an active area of research. One of the most potent chelating agents is the 
synthetic compound ethylenediamine tetraacetic acid (EDTA), which has the prop- 
erty of forming stable chelates with heavy metals. In vitro, however, chelates of 
cobalt were not more effective than cobalt chloride in stimulating microbial synthe- 
sis of vitamin Bj, and oral supplements of cobalt EDTA and cobalt sulphate gave 
similar liver and serum vitamin B412 contents. The addition of chelating agents such 
as EDTA to poultry diets may in some cases improve the availability of the mineral 
element. However, the bonding between the metal and EDTA is strong, and work 
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Table 6.2 Examples of the relative availability (%) of mineral elements from 
mineral compounds 


Mineral compound Poultry Pigs Cattle Sheep 
Cobaltous sulphate _ _ _ 100 
Cobalt glucoheptate _ _ _ 85 
Cobalt carbonate _ _ _ 100 
Cupric sulphate 100 100 100 100 
Copper-lysine 105 _ 100 _ 
Copper-methionine 90 110 _ _ 
Cupric carbonate 65 85 _ _ 
Cupric chloride 110 _ 115 115 
Ferrous sulphate (7H20) 100 100 100 100 
Ferric citrate 75 150 110 _ 
Ferric oxide 10 10 _ 5 
Ferrous chloride 100 _ _ _ 
Iron-methionine _ 185 _ 
Iron-proteinate _ 125 _ 

Manganese sulphate 100 = = 100 
Manganese carbonate 55 = = 30 
Manganese-methionine 120 = _ 125 
Manganous chloride 100 _ _ _ 
Sodium selenite 100 100 100 100 
Seleno-cystine 110 _ _ _ 
Seleno-methionine 803/115Pb 1207/150° _ _ 
Seleno-yeast _ _ 290 100 
Zinc chloride 100 100 _ _ 
Zinc sulphate 100 _ 100 100 
Zinc-lysine = 100 _ _ 
Zinc-methionine 125 100 _ 100 


aAssessed from glutathione peroxidase production or incidence of exudative diathesis. 
bAssessed from whole body or tissue selenium retention or incidence of pancreatic fibrosis. 
Summarised from Ammerman C B, Henry P R and Miles R D 1998 Supplemental organically-bound mineral 


compounds in livestock nutrition. In: Garnsworthy P C and Wiseman J (eds) Recent Advances in Animal 
Nutrition, Nottingham, Nottingham University Press, pp. 67-91. 


with copper chelates in sheep has shown that the copper is no more available than in 
inorganic salts. Recently the manufacture of different forms of trace element—organic 
complex has increased. In 1998 the Association of American Feed Control Officials 
defined four categories of such complexes: 


Metal amino acid complex: The product resulting from complexing of a soluble 
metal salt with an amino acid. 

Metal amino acid chelate: The product of the reaction of a metal ion from a solu- 
ble metal salt with amino acids with a mole ratio of one mole of metal to three 
moles (preferably two) of amino acids to form coordinate covalent bonds. The 
average weight of the hydrolysed amino acids must be approximately 150 and 
the resulting molecular weight of the chelate must not exceed 800. 

Metal polysaccharide complex: The product resulting from complexing of a solu- 
ble salt with a polysaccharide solution. 


Natural and supplementary sources of minerals 


Metal proteinate: The product resulting from the chelation of a soluble salt with 
amino acids and/or partially hydrolysed protein. 


Amino acid and peptide chelates are absorbed efficiently, possibly because they are 
taken up by the peptide absorption mechanism rather than the active transport 
mechanism for minerals (see Chapter 8), although this has not been proven. Levels 
of iron in the tissues of piglets and piglet growth have been improved by giving an 
iron proteinate to the sow. However, the piglets also had access to the sow’s faeces 
and may have obtained iron from these. Again, although zinc methionine has im- 
proved tissue levels of zinc in pigs, results have not been consistent. The replacement 
of sodium selenite by selenium-enriched yeast has improved the selenium content of 
serum, milk and tissues of gilts and the selenium status of their offspring. Selenium- 
enriched yeast in diets for lactating cows has increased the transfer of selenium to 
milk when compared with selenite. In the case of selenium the element is not in the 
form of one of the complexes mentioned above but replaces sulphur in the amino 
acids that normally contain sulphur. However, inorganic selenium supplements are 
also effective and at a lower cost. Owing to the different properties of the chelating 
agents and the variable reponses observed, their use as mineral supplements is con- 
troversial. There are many reports in the popular press claiming increased responses. 
A critical review by Underwood and Suttle (1999; see Further reading) suggests cau- 
tion at this stage until evidence of consistent responses is published in scientific jour- 
nals. In view of their cost, it is unlikely that they will replace inorganic sources of 
mineral entirely, but they may be appropriate for special applications. It is suggested 
that ‘organic’ minerals provide an extra supply of the element when there is reduced 
efficiency of inorganic sources owing to interference from other minerals. These 
preparations have also been advocated for use to reduce the excretion of unabsorbed 
mineral and thus reduce the effect on the environment. The EU legislation on feed- 
ing stuffs permits only named supplements. 

Mineral supplementation of animals at pasture can be a problem. Minerals can be 
incorporated into free-access feed blocks, which also provide a source of energy and 
nitrogen. However, individual animal intake can be variable. Intake depends on sea- 
son, weather conditions, the siting and number of blocks (to minimise competition), 
frequency of renewal and availability of water. The inclusion of oil or molasses im- 
proves palatability. 

Spraying the pasture with soluble salts of trace elements can increase the element 
content of the pasture. Alternatively, trace elements can be included in fertilisers in 
order to increase the herbage content via the soil. However, if the deficiency is due to 
poor availability of the element, then this type of application will not be successful. 

For some of the trace elements, e.g. cobalt and copper, a solid bolus can be de- 
posited into the rumen using a dosing gun. This bolus dissolves slowly over a period 
of months, giving a steady release of the element. There can be problems of regurgi- 
tation of the bolus and they may become coated, thereby reducing the effective re- 
lease of the mineral. Recently, boluses formed from soluble glass have been 
produced that are not susceptible to this coating action. The glass boluses may con- 
tain more than one element (e.g. cobalt and selenium), anthelmintics, and vitamins 
A, D or E. Needles of copper oxide, which have a high specific gravity and are 
retained in the abomasum, have also been used in this way. For certain minerals 
(e.g. copper, iodine and selenium), oral doses, drenches or injections with solutions 
or pastes can be given at appropriate intervals, but the labour requirement is high. 
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6.3 ACID-BASE BALANCE 


Normally in nutrition, minerals, including those with electrolytic properties, are con- 
sidered functionally as separate entities. In physiological terms, however, the elec- 
trolytes need to be taken together since cells require a specific balance of anions and 
cations to function efficiently. Physiological processes operate within a narrow range 
of conditions, especially with respect to pH. In addition, enzyme systems, and hence 
cell metabolism, are sensitive to pH. Thus, changes in acid-base status have a wide 
influence on cell function and the animal must regulate the input and output of ions 
to maintain acid-base homeostasis. Failure to maintain the correct electrolyte bal- 
ance within the cell means that metabolic pathways are unable to function efficiently 
and resources are diverted to achieving homeostasis at the expense of growth. The 
diet is important in the maintenance of the correct intracellular electrolyte balance 
owing to the metabolisable anions and cations that it contains and that consume or 
generate acid during metabolism. Thus, an excess of anions will result in the produc- 
tion of hydrogen ions to counterbalance the anions, giving metabolic acidosis, 
whereas an excess of cations requires ions such as acetate and bicarbonate and 
causes alkalosis. These effects are independent of the specific metabolic or physio- 
logical roles of the particular element. The balance of acids and bases influences 
many functions such as growth rate, appetite, amino acid and energy metabolism, 
calcium utilisation, vitamin metabolism, intestinal absorption and kidney function. 
Changes in cellular pH are often accompanied by changes in blood and urine pH. 
Dietary influence in this respect may be assessed by measuring the dietary electrolyte 
balance, defined as: 


Nat + K* -Cr 


where Na‘, K* and CI are the concentrations of the elements in mequiv per unit 
weight. The dietary electrolyte balance is commonly used to assess the diets of pigs 
and poultry. Pigs are more susceptible to excess anions than to cations, and the opti- 
mal dietary electrolyte balance is around 250 mequiv/kg. In poultry, eggshell forma- 
tion has an effect on the acid-base balance as hydrogen ions are generated when 
calcium carbonate is being synthesised. A dietary electrolyte balance of 200- 
300 mequiv/kg is recommended for laying hens. In conditions of heat stress, elevated 
respiration rate (panting) leads to respiratory alkalosis and in poultry and dairy cows 
the acid-base balance of the diet has been adjusted to alleviate this. Ideally, other 
elements making a contribution to electrolyte balance should be considered and a 
more sophisticated assessment may be achieved by calculating (Na! + K* + Ca™* + 
Mg**) — (CI +H POF +HPO, +SO4 ).This is termed the dietary undetermined 
anion. The latter requires a substantial analytical facility and in practice the less com- 
prehensive dietary electrolyte balance is generally considered to be sufficient. Re- 
cently, in ruminant nutrition the cation—-anion balance or dietary cation—anion 
difference (DCAD) has been used to assess the electrolyte status of diets. This is 
calculated as (Na! + K*)— (CI+ SO% ) or alternatively as (Na! + K”) — (C7 + S77). 
Manipulation of the cation—anion difference is now recommended as part of the 
dietary management of dairy cows in order to avoid hypocalcaemia or milk fever 
(see Box 6.2). 

In the above it is seen that there may be confusion with terminology and the 
method of calculation (i.e. which ions are included) of the acid-base status of the 
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BOX 6.2 Dietary cation-anion difference and milk fever 


The metabolic acid-base balance affects the sensitivity of bone to parathyroid hormone (PTH) and 
the synthesis of 1,25-dihydroxycholecalciferol. Therefore, acknowledging this when balancing the 
mineral content of the diet can have an effect on the incidence of milk fever. Conditions that promote 
an alkalotic state (high dietary cations, Na‘ and K?) reduce the sensitivity of bone to PTH and can 
limit the release of calcium. Conversely, an acidotic state (high dietary anions, Cl and S~ ` ) increases 
the sensitivity to PTH, increases 1,25-dihydroxycholecalciferol production and hence increases the 
calcium supply. Through these metabolic responses, manipulation of the acid—base balance in the diet 
of the pre-calving cow has been successful in reducing the incidence of milk fever. 

Early work used the dietary electrolyte balance calculation (Na! + K* — CI), but subsequently it 
was found that the inclusion of SO,” or S ~ was beneficial. Thus, dietary cation—anion difference 
(DCAD) as (Na‘ + K*) — (Cl + SO, ) or (Na? + K?) — (CI +S ) is used when calculating and ma- 
nipulating the acid-base balance of the diet. The recommended target for the latter calculation is 
around —100 mequiv/kg. The optimal DCAD probably varies with several factors such as breed and 
feeding management. Recent studies have shown that CI] ions are more acidogenic than S ions, 
probably owing to differences in dissociation in and absorption from the digestive tract. 

In practice, manipulation of the diet involves minimising foods high in potassium and sodium. 
Grass silage is the major problem, often containing 30-40 g potassium/kg DM, and alkali-treated grain 
and molasses should also be avoided. The cereal by-product, brewer’s grains, is a food that is low in 
sodium and potassium. Unlike the low-calcium diet strategy, the DCAD strategy requires a moderate 
to high calcium intake to be maintained. Supplementary anionic salts (e.g. ammonium chloride, am- 
monium sulphate, magnesium chloride, calcium chloride) can be used to adjust the DCAD, but they 
tend to be unpalatable. Practical application of this stategy requires knowledge of the mineral contents 
of the foods. To ensure there is adequate magnesium for effective calcium absorption and mobilisation, 
the magnesium content of the diet is adjusted to 3.5 g/kg DM using magnesium sulphate or magne- 
sium chloride, and the sulphur content is set at 4 g/kg DM using calcium or ammonium sulphate. 
Higher magnesium (up to 4 g/kg DM) may be required if the potassium content of the diet is high in 
view of the latter’s effect on magnesium absorption. The DCAD can then be manipulated with ammo- 
nium or calcium chloride. Calcium intake is maintained at 120-150 g/day and phosphorus at 50 g/day. 
This approach to the problem of milk fever requires careful management, since the high quantities of 
anionic salts involved may reduce food intake and precipitate other metabolic problems. The effective- 
ness of the strategy can be checked by measuring urine pH, which should be slightly acidic at around 
6.5. It is recommended that the diets are given for at least 2 weeks but no more than 4 weeks before 
calving. Although pregnant heifers show the same responses as cows in terms of increased blood cal- 
cium with decreasing DCAD, food intake was depressed and they did not have increased milk yields. 
It is currently recommended that heifers should not be given supplementary anions. Current research 
is investigating alterations to DCAD to improve food intake and milk production. Early lactation diets 
contain large amounts of rumen-fermentable carbohydrate and a positive DCAD would, in theory, 
help to reduce rumen and blood acidosis. 


diet. Some authorities suggest the inclusion of NH4", HCO3 and COs `, while others 
recommend that the absorption coefficient should also be accounted for. However, 
such refinement will require much more research and information before this type of 
model can be applied. 

Certain pathological conditions may cause disturbances in electrolyte balance, 
e.g. vomiting (loss of chloride), diarrhoea (loss of bicarbonate) and excessive amino 
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acid oxidation (excess acid production). These, however, are largely outside the con- 
trol of the nutritionist. 


64 MAJOR ELEMENTS 


Calcium 


Calcium is the most abundant mineral element in the animal body. It is an important 
constituent of the skeleton and teeth, in which about 99 per cent of the total body 
calcium is found; in addition, it is an essential constituent of living cells and tissue 
fluids. Calcium is essential for the activity of a number of enzyme systems, including 
those necessary for the transmission of nerve impulses and for the contractile prop- 
erties of muscle. It is also concerned in the coagulation of blood. In blood, the ele- 
ment occurs in the plasma; the plasma of mammals usually contains 80-120 mg 
calcium/1, but that of laying hens contains more (800-400 mg/l). 


Composition of bone 


Bone is highly complex in structure, the dry matter consisting of approximately 460 g 
mineral matter/kg, 360 g protein/kg and 180 g fat/kg. The composition varies, how- 
ever, according to the age and nutritional status of the animal. Calcium and phospho- 
rus are the two most abundant mineral elements in bone; they are combined in a 
form similar to that found in the mineral hydroxyapatite, 3Ca3(PO,4)2.Ca(OH)>. 
Bone ash contains approximately 360 g calcium/kg, 170 g phosphorus/kg and 10 g 
magnesium/kg. 

The skeleton is not a stable unit in the chemical sense, since large amounts of the 
calcium and phosphorus in bone can be liberated by reabsorption. This takes place 
particularly during lactation and egg production, although the exchange of calcium 
and phosphorus between bones and soft tissue is always a continuous process. Re- 
sorption of calcium is controlled by the action of the parathyroid gland. If animals 
are fed on a low-calcium diet, the ionic calcium concentration in the extracellular 
fluid falls, the parathyroid gland is stimulated and the hormone produced causes re- 
sorption of bone, liberating calcium to meet the requirements of the animal. Since 
calcium is combined with phosphorus in bone, the phosphorus is also liberated and 
excreted by the animal. 

The parathyroid hormone also plays an important role in regulating the amount 
of the calcium absorbed from the intestine by influencing the production of 1,25- 
dihydroxycholecalciferol, a derivative of vitamin D, which is concerned with the 
formation of calcium-binding protein (see p. 80). Finally, the hormone stimulates the 
kidney to resorb urinary calcium. 


Deficiency symptoms 

If calcium is deficient in the diet of young growing animals, then satisfactory bone for- 
mation cannot occur and the condition known as rickets is produced. The symptoms 
of rickets are misshapen bones, enlargement of the joints, lameness and stiffness. In 
adult animals, calcium deficiency produces osteomalacia, in which the calcium in the 
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bone is withdrawn and not replaced. In osteomalacia, the bones become weak and 
are easily broken. In hens, deficiency symptoms are soft beak and bones, retarded 
growth and bowed legs; the eggs have thin shells and egg production may be reduced. 
The symptoms described above for rickets and osteomalacia are not specific for cal- 
cium and can also be produced by a deficiency of phosphorus, an abnormal calcium : 
phosphorus ratio or a deficiency of vitamin D (see p. 80). A number of factors can be 
responsible for subnormal calcification. 

Milk fever (parturient paresis) is a condition that most commonly occurs in dairy 
cows shortly after calving. It is characterised by a lowering of the serum calcium 
level, muscular spasms and, in extreme cases, paralysis and unconsciousness. The 
exact cause of hypocalcaemia associated with milk fever is obscure, but it is gener- 
ally considered that, with the onset of lactation, the parathyroid gland is unable to 
respond rapidly enough to increase calcium absorption from the intestine to meet 
the extra demand. Normal levels of blood calcium can be restored by intravenous in- 
jections of calcium gluconate, but this may not always have a permanent effect. It 
has been shown that avoiding excessive intakes of calcium while maintaining ade- 
quate dietary levels of phosphorus during the dry period reduces the incidence of 
milk fever. Deliberate use of low-calcium diets to increase calcium absorption in the 
practical prevention of milk fever requires a good estimate of calving date, otherwise 
calcium deficiency may occur. Also low-calcium diets are hard to achieve with for- 
ages unless straw is used. Recently, success in controlling milk fever has been 
achieved by manipulating the acid-base balance of the diet (see Box 6.2). Adminis- 
tration of large doses of vitamin D3 for a short period before parturition has also 
proved beneficial, but the timing is critical. Hypocalcaemia in ewes bearing twins 
often occurs before lambing. 


Sources of calcium 


Milk, green leafy crops, especially legumes, and sugar beet pulp are good sources of 
calcium; cereals and roots are poor sources. In some lucerne crops, calcium associ- 
ated with oxalates is unavailable. Animal by-products containing bone, such as fish- 
meal, are excellent sources. Calcium-containing mineral supplements that are 
frequently given to farm animals, especially lactating animals and laying hens, in- 
clude ground limestone, steamed bone flour and dicalcium phosphate. If rock cal- 
cium phosphate is given to animals it is important to ensure that fluorine is absent, 
otherwise this supplement may be toxic. High levels of fat in the diet of monogastric 
animals result in the formation of calcium soaps of fatty acids, which reduce the ab- 
sorbability of calcium. 


Calcium : phosphorus ratio 


When giving calcium supplements to animals it is important to consider the calcium : 
phosphorus ratio of the diet, since an abnormal ratio may be as harmful as a defi- 
ciency of either element in the diet. The calcium : phosphorus ratio considered most 
suitable for farm animals other than poultry is generally within the range 1:1 to 2:1, 
although there is evidence that suggests that ruminants can tolerate rather higher 
ratios providing that the phosphorus requirements are met. In the case of the calcium 
and phosphorus requirements for ruminants published by the Agriculture and Food 
Research Council’s Technical Committee on Responses to Nutrients, the requirement 
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for phosphorus can exceed that of calcium in some circumstances. The proportion of 
calcium for laying hens is much larger, since they require great amounts of the element 
for eggshell production. The calcium is usually given to laying hens as ground lime- 
stone mixed with the diet or, alternatively, calcareous grit may be given ad libitum. 
Granular limestone is more effective since the large particles are retained in the 
gizzard for a longer time. 


Phosphorus 


Phosphorus has more known functions than any other mineral element in the animal 
body. The close association of phosphorus with calcium in bone has already been 
mentioned. In addition, phosphorus occurs in phosphoproteins, nucleic acids and 
phospholipids. The element plays a vital role in energy metabolism in the formation 
of sugar-phosphates and adenosine di- and triphosphates (see Chapter 9). The impor- 
tance of vitamin D in calcium and phosphorus metabolism has already been dis- 
cussed in Chapter 5.The phosphorus content of the animal body is considerably less 
than that of calcium content. Whereas 99 per cent of the calcium found in the body 
occurs in the bones and teeth, the proportion of the phosphorus in these structures is 
about 80-85 per cent of the total; the remainder is in the soft tissues and fluids, 
where it serves the essential functions mentioned above. The control of phosphorus 
metabolism is different from that of calcium. If it is in an available form, phosphorus 
is absorbed well even when there is an excess over requirement. The excess is ex- 
creted via the kidney or the gut (via saliva). In monogastric animals, the kidney is 
the primary route of excretion. Plasma phosphorus diffuses into saliva and in rumi- 
nants the large amount of chewing during rumination results in saliva being the 
major input of phosphorus into the rumen rather than the food. 


Deficiency symptoms 

Extensive areas of phosphorus-deficient soils occur throughout the world, especially 
in tropical and subtropical areas, and a deficiency of phosphorus can be regarded as 
the most widespread and economically important of all the mineral disabilities af- 
fecting grazing livestock. 

Like calcium, phosphorus is required for bone formation and a deficiency can also 
cause rickets or osteomalacia. Pica, or depraved appetite, has been noted in cattle 
when there is a deficiency of phosphorus in the diet; the affected animals have ab- 
normal appetites and chew wood, bones, rags and other foreign materials. Pica is not 
specifically a sign of phosphorus deficiency, since it may be caused by other factors. 
Evidence of phosphorus deficiency may be obtained from an analysis of blood 
serum, which shows a phosphorus content lower than normal. In chronic phosphorus 
deficiency, animals may have stiff joints and muscular weakness. 

Low dietary intake of phosphorus has also been associated with poor fertility, 
with apparent dysfunction of the ovaries causing inhibition, depression or irregular- 
ity of oestrus. There are many examples throughout the world of phosphorus supple- 
mentation increasing fertility in grazing cattle. In cows, a deficiency of this element 
may also reduce milk yield. In hens, there is reduced egg yield, hatchability and shell 
thickness. 

Subnormal growth in young animals and low liveweight gains in mature animals 
are characteristic symptoms of phosphorus deficiency in all species. Phosphorus 
deficiency is usually more common in cattle than in sheep, as the latter tend to have 
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more selective grazing habits and choose the growing parts of plants, which happen 
to be richer in phosphorus. 


Sources of phosphorus 


Milk, cereal grains and fishmeal products containing bone are good sources of phos- 
phorus; the content in hays and straws is generally very low. Considerable attention 
has been paid to the availability of phosphorus. Much of the element present in 
cereal grains is in the form of phytates, which are salts of phytic acid, a phosphoric 
acid derivative: 
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Phytic acid 


Insoluble calcium and magnesium phytates occur in cereals and other plant prod- 
ucts. Experiments with chicks have shown that the phosphorus of calcium phytate is 
utilised only 10 per cent as effectively as disodium phosphate. In studies with laying 
hens, phytate phosphorus was utilised about half as well as dicalcium phosphate. 
Certain plant foods, such as wheat, contain phytase and in the pig stomach some of 
the phytate phosphorus is made available by the action of this enzyme. However, it 
is likely that the phytase is destroyed in the acid conditions once the acid secreted 
penetrates the food mass in the stomach. Intestinal phytase activity from the micro- 
flora has been observed, but it appears to be of little importance in the pig. It has 
been shown with sheep that hydrolysis of phytates by bacterial phytases occurs in 
the rumen. Bacteria in the hind gut also have phytase activity, but the significance of 
this in phosphorus supply for the monogastric is not clear. Phytate phosphorus ap- 
pears therefore to be utilised by ruminants as readily as other forms of phosphorus, 
although studies using radioactive isotopes indicate that the availability of phospho- 
rus may range from 0.33 to 0.90. Recent studies with a fungal source of phytase 
added to the diet of pigs have shown significant increases in ileal and total tract di- 
gestibility of phytate phosphorus (see Chapter 24). 

Feeding with high levels of phosphorus should be avoided as the excess is ex- 
creted and contributes to pollution by encouraging the growth of algae in water 
courses. High phosphorus intake in association with magnesium can lead to the for- 
mation of mineral deposits in the bladder and urethra (urolithiasis or urinary calculi) 
and blockage of the flow of urine in male sheep and cattle. 


Potassium 


Potassium plays a very important part, along with sodium, chlorine and bicarbonate 
ions, in osmotic regulation of the body fluids and in the acid-base balance in the 
animal. Whereas sodium is the main inorganic cation of extracellular tissue fluids, 
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potassium functions principally as the cation of cells. Potassium plays an impor- 
tant part in nerve and muscle excitability and is also involved in carbohydrate 
metabolism. 


Deficiency symptoms 

The potassium content of plants is generally very high, that of grass, for example, 
being frequently above 25 g/kg DM, so that it is normally ingested by animals in 
larger amounts than any other element. Consequently, potassium deficiency is rare in 
farm animals kept under natural conditions. One exception to this is provided by dis- 
tiller’s grains (draff; see p. 547), which, as a result of the removal of the liquid after 
fermentation, is deficient in several soluble elements, including potassium. Appropri- 
ate supplementation is necessary where draff forms a large proportion of the diet. 

There are certain areas in the world where soil potassium levels are naturally low. 
Such areas occur in Brazil, Panama and Uganda, and it is suggested that in these trop- 
ical regions, potassium deficiencies may arise in grazing animals, especially at the end 
of the long dry season, when potassium levels in the mature herbage are low. 

Deficiency symptoms have been produced in chicks given experimental diets low 
in potassium. They include retarded growth, weakness and tetany, followed by death. 
Deficiency symptoms, including severe paralysis, have also been recorded for calves 
given synthetic milk diets low in potassium. 

A dietary excess of potassium is normally excreted rapidly from the body, chiefly 
in the urine. Some research workers believe that high intake of the element may in- 
terfere with the absorption and metabolism of magnesium in the animal, which may 
be an important factor in the aetiology of hypomagnesaemic tetany (see p. 119). 


Sodium 


Most of the sodium of the animal body is present in the soft tissues and body fluids. 
Like potassium, sodium is concerned with the acid-base balance and osmotic regu- 
lation of the body fluids. Sodium is the chief cation of blood plasma and other extra- 
cellular fluids of the body. The sodium concentration within the cells is relatively low, 
the element being replaced largely by potassium and magnesium. Sodium also plays 
a role in the transmission of nerve impulses and in the absorption of sugars and 
amino acids from the digestive tract (see p. 168). 

Much of the sodium is ingested in the form of sodium chloride (common salt), 
and it is mainly in this form that the element is excreted from the body. There is evi- 
dence that sodium rather than chlorine is the chief limiting factor in salt-deficient 
diets of sheep and cows. 


Deficiency symptoms 

Sodium deficiency in animals occurs in many parts of the world, but especially in the 
tropical areas of Africa and the arid inland areas of Australia, where pastures contain 
very low concentrations of the element. A deficiency of sodium in the diet leads to a 
lowering of the osmotic pressure, which results in dehydration of the body. Symp- 
toms of sodium deficiency include poor growth and reduced utilisation of digested 
proteins and energy. In hens, egg production and growth are adversely affected. Rats 
given experimental diets low in sodium had eye lesions and reproductive distur- 
bances, and eventually died. 
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Sources of sodium 


Most foods of vegetable origin have comparatively low sodium contents; animal 
products, especially foods of marine origin, are richer sources. The commonest min- 
eral supplement given to farm animals is common salt. 


Chlorine 


Chlorine is associated with sodium and potassium in acid-base relationships and os- 
motic regulation. Chlorine also plays an important part in the gastric secretion, 
where it occurs as hydrochloric acid as well as chloride salts. Chlorine is excreted 
from the body in the urine and is also lost from the body, along with sodium and 
potassium, in perspiration. 

A dietary deficiency of chlorine may lead to an abnormal increase of the alkali re- 
serve of the blood (alkalosis) caused by an excess of bicarbonate, since inadequate 
levels of chlorine in the body are partly compensated for by increases in bicarbon- 
ate. Experiments with rats on chlorine-deficient diets have shown that growth was 
retarded, but no other symptoms developed. 


Sources of chlorine 


With the exception of fishmeals, the chlorine content of most foods is comparatively 
low. The chlorine content of pasture grass varies widely and figures ranging from 
3 g/kg to 25 g/kg DM have been reported. The main source of this element for most 
animals is common salt. 


Salt 


Since plants tend to be low in both sodium and chlorine, it is the usual practice to 
give common salt to herbivores. Unless salt is available, deficiencies are likely to 
occur in both cattle and sheep. Experiments carried out in the USA with dairy cows 
on salt-deficient diets showed that animals did not exhibit immediate ill effects, but 
eventually appetite declined, with subsequent loss in weight and lowered milk pro- 
duction. The addition of salt to the diet produced an immediate cure. 

Salt is also important in the diet of hens, and it is known to counteract feather pick- 
ing and cannibalism. Salt is generally given to pigs on vegetable diets, but if fishmeal is 
given the need for added salt is reduced. Swill can also be a rich source of salt, al- 
though the product is very variable and can contain excessive amounts of salt. Too 
much salt in the diet is definitely harmful and causes excessive thirst, muscular weak- 
ness and oedema. Salt poisoning is quite common in pigs and poultry, especially where 
fresh drinking water is limited. When the concentration of salt in the diet of hens ex- 
ceeds 40 g/kg DM and the supply of drinking water is limited, then death may occur. 
Hens can tolerate larger amounts of salt if plenty of water is available. Chicks cannot 
tolerate salt as well as adults can, and 20 g/kg DM in the diet should be regarded as the 
absolute maximum. This value should also not be exceeded in the diets of pigs. Turkey 
poults are even less tolerant, and 10 g/kg of salt in the diet should not be exceeded. 


Sulphur 


Most of the sulphur in the animal body occurs in proteins containing the amino acids 
cystine, cysteine and methionine. The two vitamins biotin and thiamin, the hormone 
insulin and the important metabolite coenzyme A also contain sulphur. The structural 
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compound chondroitin sulphate is a component of cartilage, bone, tendons and the 
walls of blood vessels. Sulphur-containing compounds are also important in elements 
of the respiratory process from haemoglobin through to cytochromes. Only a small 
amount of sulphur is present in the body in inorganic form, though sulphates are 
known to occur in the blood in small quantities. Wool is rich in cystine and contains 
about 4 per cent of sulphur. 

Traditionally, little attention has been paid to the importance of sulphur in ani- 
mal nutrition, since the intake of this element is mainly in the form of protein, and 
a deficiency of sulphur would indicate a protein deficiency. In recent years, how- 
ever, with the increasing use of urea as a partial nitrogen replacement for protein 
nitrogen and as a method for treating cereal grains (see Chapter 22), it has been 
realised that the amount of sulphur present in the diet may be the limiting factor for 
the synthesis in the rumen of cystine, cysteine and methionine. Under these condi- 
tions, the addition of sulphur to urea-containing rations is beneficial. There is evi- 
dence that sulphate (as sodium sulphate) can be used by ruminal microorganisms 
more efficiently than elemental sulphur. The mean of the estimates of the ratio of 
sulphur to nitrogen in microbial protein is around 0.07, which, incidentally, is ap- 
proximately the ratio found in animal tissue and milk protein. The UK Agricultural 
Research Council has recommended that the requirement for rumen-degradable 
sulphur should be calculated by multiplying the rumen-degradable nitrogen re- 
quirement by 0.07 (i.e. equivalent to a N : S ratio of 14 : 1). The ratio of nitrogen to 
sulphur in wool protein is narrower, at 5:1, and the supply of sulphur-containing 
amino acids may be limiting for sheep with a high rate of wool production. This 
limitation cannot be overcome by increasing the ratio of rumen-degradable sulphur 
to degradable nitrogen, since this will not alter the rate of microbial protein produc- 
tion. However, the limitation can be alleviated by supplying sulphur containing 
amino acids in forms that bypass the rumen or in proteins that have low rumen 
degradability. 

Consideration of sulphur in animal nutrition is important in areas of intensive 
livestock production where sulphur in soils is not replaced regularly by fertiliser 
application. 

Inorganic sulphur seems to be of less practical importance for monogastric 
animals, although studies with pigs, chicks and poults have indicated that inorganic 
sulphate can have a sparing effect on the requirement for sulphur-containing amino 
acids in the diet. 

Toxicity can result from excess dietary sulphur, which is converted to hydrogen 
sulphide, a toxic agent, by the gastrointestinal flora. This reduces rumen motility and 
causes nervous and respiratory distress. 


Magnesium 


Magnesium is closely associated with calcium and phosphorus. About 70 per cent 
of the total magnesium is found in the skeleton but the remainder, which is distrib- 
uted in the soft tissues and fluids, is of crucial importance to the well-being of the 
animal. Magnesium is the commonest enzyme activator, for example in systems 
with thiamin pyrophosphate as a cofactor, and oxidative phosphorylation is re- 
duced in magnesium deficiency. Magnesium is an essential activator of phosphate 
transferases (e.g. creatine kinase) and it activates pyruvate carboxylase, pyruvate 
oxidase and reactions of the tricarboxylic acid cycle; therefore, it is essential for the 
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efficient metabolism of carbohydrates and lipids. In addition, magnesium is in- 
volved in cellular respiration and many other cellular reactions, forming complexes 
with adenosine tri-, di- and monophosphates. The formation of cyclic AMP and 
other secondary messengers requires magnesium. Magnesium ions moderate neuro- 
muscular activity and, through binding to phospholipid, are involved in cell mem- 
brane integrity. The interaction of parathyroid hormone, which is responsible for 
calcium mobilisation (see p. 112), with its receptors on bone and kidney cells in- 
volves magnesium, and low blood levels of the element are associated with 
hypocalcaemia. Thus, it can be seen that magnesium is a key element in cellular 
biochemistry and function. Magnesium is absorbed from the small and large intes- 
tine of monogastric animals, and requirements are usually met with cereal and soya 
bean meal diets. In ruminants, absorbability can be low and potassium reduces the 
efficiency of absorption by inhibiting the two active transport systems in the rumen 
wall that carry magnesium against the electrochemical gradient. Potassium does not 
affect absorption beyond the rumen. 


Deficiency symptoms 

Symptoms due to a simple deficiency of magnesium in the diet have been reported 
for a number of animals. In rats fed on purified diets, the symptoms include in- 
creased nervous irritability and convulsions. Experimental low-magnesium milk 
diets for calves caused low serum magnesium levels, depleted bone magnesium, 
tetany and death. The condition is not uncommon in milk-fed calves about 50-70 days 
old. Colostrum is high in magnesium content but milk is low in magnesium, and this 
is compounded by a reduction in the efficiency of absorption of magnesium as the 
calf ages. 

In adult ruminants, a condition known as hypomagnesaemic tetany, associated 
with low blood levels of magnesium (hypomagnesaemia), has been recognised since 
the early 1930s. A great deal of attention has been given to this condition in recent 
years, since it is widespread and the death rate is high. Hypomagnesaemic tetany has 
been known under a variety of names, including magnesium tetany, lactation tetany 
and grass staggers, but most of these terms have been discarded because the disease 
is not always associated with lactation or with grazing animals. The condition can af- 
fect stall-fed dairy cattle, hill cattle, cattle at grass, and sheep. There is some evidence 
of a breed susceptibility in the UK, where the condition appears to be more common 
in Ayrshire and least common in Jersey animals. Most cases occur in grazing animals 
and, in Europe and North America, the trouble is particularly common in the spring 
when the animals are turned out on to young, succulent pasture. Because the tetany 
can develop within a day or two of animals being turned out to graze, the condition 
has been referred to as the acute form. In this acute type, blood magnesium levels 
fall so rapidly that the reserve of magnesium within the body cannot be mobilised 
rapidly enough. In the chronic form of the disease, plasma magnesium levels fall over 
a period of time to low concentrations. This type is not uncommon in suckler herds. 
Clinical signs of the disease are often brought on by stress factors such as cold, wet 
and windy weather. In adult animals, bone magnesium is not as readily available as 
it is in the young calf. 

In New Zealand, where cows are pastured throughout the year, hypomagne- 
saemic tetany occurs most frequently in late winter and early spring. In Australia, a 
high incidence of the disease has been associated with periods of rapid winter 
growth of pastures. 
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The normal magnesium content of blood serum in cattle is within the range of 
17-40 mg magnesium/litre, but levels below 17 mg/l frequently occur without 
clinical symptoms of disease. Tetany is usually preceded by a fall in blood serum 
magnesium to about 5 mg/l. Urine magnesium is a better indicator of deficiency 
than serum magnesium because levels of the latter do not fall until there is a 
severe deficiency. However, a lack of magnesium is immediately reflected in urine 
levels, for which 10 mg/100 ml is satisfactory, 2-10 mg/100 ml is inadequate and 
less than 2 mg/100 ml indicates a severe deficiency. Subcutaneous injection of 
magnesium sulphate, or preferably magnesium lactate, can generally be expected 
to cure the animal if given early, but in practice this is sometimes difficult. Treat- 
ment of this kind is not a permanent cure and oral treatment with magnesium 
oxide, as described below, should be started immediately. Typical symptoms of 
tetany are nervousness, tremors, twitching of the facial muscles, staggering gait 
and convulsions. 

The exact cause of hypomagnesaemic tetany in ruminant animals is unknown, 
although a dietary deficiency of magnesium may be a contributory factor. Some 
research workers consider the condition to be caused by a cation—anion imbalance 
in the diet, and there is evidence of a positive relationship between tetany and 
heavy dressings of pasture with nitrogenous and potassic fertilisers. It has been 
suggested that the concentration of potassium in spring pasture should not exceed 
25 g/kg DM and the application of potassium fertilisers should be managed 
carefully. 

The use of radioactive magnesium in tracer studies indicates that the magne- 
sium present in food is poorly absorbed from the alimentary canal; in some cases 
only 50 g/kg of the herbage magnesium can be utilised by the ruminant. Why this 
is so in ruminants is not known. Since adult animals have only very small readily 
available reserves of body magnesium, they are dependent upon a regular dietary 
supply. 

Although the exact cause of hypomagnesaemia is still uncertain, the primary fac- 
tor would appear to be inadequate absorption of magnesium from the digestive 
tract. A high degree of success in preventing hypomagnesaemia may be obtained by 
increasing the magnesium intake. This can be effected by feeding with magnesium- 
rich mineral mixtures or, alternatively, by increasing the magnesium content of pas- 
ture by the application of magnesium fertilisers. 


Sources of magnesium 


Wheat bran, dried yeast and most vegetable protein concentrates, especially cotton 
seed cake and linseed cake, are good sources of magnesium. Clovers are usually 
richer in magnesium than grasses, although the magnesium content of forage crops 
varies widely. As mentioned previously, draff is deficient in soluble minerals and high 
levels of this food in the diet require appropriate supplementation. The mineral sup- 
plement used most frequently is magnesium oxide, which is sold commercially as 
calcined magnesite. When hypomagnesaemic tetany is likely to occur, it is generally 
considered that about 50 g of magnesium oxide per head per day should be given to 
cows as a prophylactic measure. The daily prophylactic dose for calves is 7-15 g of 
the oxide, while that for lactating ewes is about 7 g. The mineral supplement can be 
given mixed with the concentrate ration. Alternatively, a mixture of magnesium 
acetate solution and molasses can be used, which is frequently made available on a 
free-choice basis from ball feeders placed in the field. 
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Iron 


More than 90 per cent of the iron in the body is combined with proteins, the most 
important being haemoglobin, which contains about 3.4 g/kg of the element. Iron 
also occurs in blood serum in a protein called transferrin, which is concerned with 
the transport of iron from one part of the body to another. Ferritin, a protein con- 
taining up to 200 g/kg of iron, is present in the spleen, liver, kidney and bone mar- 
row and provides a form of storage for iron. Haemosiderin is a similar storage 
compound and may contain up to 350 g/kg of iron. Iron has a major role in a host of 
biochemical reactions, particularly in connection with enzymes of the electron trans- 
port chain (cytochromes). Electrons are transported by the oxidation and reduction 
activity of bound iron. Among the enzymes containing or activated by iron are cata- 
lase, peroxidases, phenylalanine hydroxylase and many others, including all the tri- 
carboxylic acid cycle enzymes. 


Deficiency symptoms 
Since more than half the iron present in the body occurs as haemoglobin, a dietary de- 
ficiency of iron would clearly be expected to affect the formation of this compound. 
The red blood corpuscles contain haemoglobin, and these cells are continually being 
produced in the bone marrow to replace those red cells destroyed in the animal body 
as a result of catabolism. Although the haemoglobin molecule is destroyed in the ca- 
tabolism of these red blood corpuscles, the iron liberated is made use of in the resyn- 
thesis of haemoglobin, and because of this the daily requirement of iron by a healthy 
animal is usually small. If the need for iron increases, as it does after prolonged haem- 
orrhage or during pregnancy, then haemoglobin synthesis may be inadequate and 
anaemia will result. Anaemia due to iron deficiency occurs most commonly in rapidly 
growing sucklings, since the iron content of milk is usually very low. This can occur in 
piglets housed in pens without access to soil. The piglet is born with very limited iron 
reserves and sow’s milk provides only about 1 mg per day. The rapidly growing piglet’s 
requirement is 15 mg per day, which, in extensive systems, could be obtained by inges- 
tion of soil. Providing the sow with supplementary iron in gestation does not increase 
the foetal piglet's liver iron or the amount in the milk. Therefore, it is routinely sup- 
plied by intramuscular injection as a dextran complex or gleptoferron, by 3 days of 
age. Usually 200 mg of iron is injected. Alternatively, oral iron supplements are avail- 
able in the form of a paste of the citrate or fumarate or granules of iron dextran, but 
these may not be eaten or the iron may be lost if diarrhoea occurs. Attempts have been 
made to increase the supply of iron to the piglet by supplementing the sow’s diet and 
relying on the piglet’s consumption of the sow’s faeces during exploration activity. 
However, this has produced uneven uptake, and injection of iron compounds is more 
effective. Anaemia in piglets is characterised by poor appetite and growth. Breathing 
becomes laboured and spasmodic — hence the descriptive term ‘thumps’ for this condi- 
tion. Although iron deficiency is not common in older animals, increased supplemen- 
tation is required when high levels of copper are used for growth promotion. 
Iron-deficiency anaemia is not common in lambs and calves because in practice it 
is unusual to restrict them to a milk diet without supplementary feeding. It does, 
however, sometimes occur in laying hens, since egg production represents a consid- 
erable drain on the body reserves. 
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Sources of iron 


Iron is widely distributed in foods. Good sources of the element are green leafy ma- 
terials, most leguminous plants and seed coats. Feeds of animal origin, such as blood 
and fishmeals, are excellent sources of iron. As mentioned previously, milk is a poor 
source of the element. 

Iron is absorbed throughout the gastrointestinal tract, but mainly in the duo- 
denum and jejunum. Absorption is poor and is, to a large extent, independent of the 
dietary source. The efficiency of absorption is increased during periods of iron need 
and decreased during periods of iron overload. The mechanisms whereby the body 
carries this out are not fully understood. A number of theories have been advanced 
and one of these, the ‘mucosal block’ theory, propounded in 1943, is still widely held 
by many to explain the mechanism. According to this theory, the mucosal cells of the 
gastrointestinal tract absorb iron and convert it into ferritin; when the cells become 
physiologically saturated with ferritin, further absorption is impeded until the iron is 
released and transferred to plasma. Another, more recent theory proposes that the 
main regulator of iron uptake is the iron concentration in the epithelial cells of the 
duodenal mucosa. 

The adult’s need for iron is normally low, as the iron produced from the destruc- 
tion of haemoglobin is made available for haemoglobin regeneration, only about 
10 per cent of the element escaping from this cycle. 


Iron toxicity 


Iron toxicity is not a common problem in farm animals, but it can result from pro- 
longed oral administration of the element. Ferrous ions are reported to generate 
oxygen-based free radicals, contributing to oxidative stress in the cell (see Chapter 5). 
Normally iron is protein-bound or in chemical form, which prevents it from causing 
oxidation. Chronic iron toxicity results in alimentary disturbances, reduced growth 
and phosphorus deficiency. 


Copper 


Evidence that copper is a dietary essential was obtained in 1924, when experi- 
ments with rats showed that copper was necessary for haemoglobin formation. Al- 
though copper is not actually a constituent of haemoglobin, it is present in certain 
other plasma proteins, such as ceruloplasmin, concerned with the release of iron 
from the cells into the plasma. A deficiency of copper impairs the animal’s ability 
to absorb iron, mobilise it from the tissues and utilise it in haemoglobin synthesis. 
Copper is also a component of other proteins in blood. One of these, erythro- 
cuprein, occurs in erythrocytes, where it plays a role in oxygen metabolism. The 
element is also known to play a vital role in many enzyme systems; for example, 
copper is a component of cytochrome oxidase, which is important in oxidative 
phosphorylation. It is also a component of superoxide dismutase, which forms part 
of the cell’s antioxidant system. The element also occurs in certain pigments, 
notably turacin, a pigment of feathers. Copper is necessary for the normal pigmen- 
tation of hair, fur and wool. It is thought to be present in all body cells, being 
particularly concentrated in the liver, which acts as the main copper storage organ 
of the body. Copper has been shown to reduce the susceptibility to infection in 
lambs directly. 
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Deficiency symptoms 

Since copper performs many functions in the animal body, there are a variety of de- 
ficiency symptoms. These include anaemia, poor growth, bone disorders, scouring, 
infertility, depigmentation of hair and wool, gastrointestinal disturbances, and le- 
sions in the brain stem and spinal cord. The lesions are associated with muscular in- 
coordination and occur, especially, in young lambs. A copper deficiency condition 
known as ‘enzootic ataxia’ has been known for some time in Australia; the disorder 
there is associated with pastures low in copper content (2-4 mg/kg DM) and can be 
prevented by feeding with a copper salt. A similar condition that affects lambs occurs 
in the UK and is known as ‘swayback’. The signs of swayback range from complete 
paralysis of the newborn lamb to a swaying staggering gait that affects, in particular, 
the hind limbs. The condition can occur in two forms, one congenital, in which the 
signs are apparent at birth and are due to the failure of the myelin sheath of nerves 
to develop, and the other in which the onset of the clinical disease is delayed for sev- 
eral weeks. The congenital form of the condition is irreversible and can be prevented 
only by ensuring that the ewe receives an adequate level of copper in her diet. De- 
layed swayback can be prevented or retarded in copper-deficient lambs by par- 
enteral injection of small doses of copper complexes. 

Although the dietary level of copper is an important factor in the aetiology of 
swayback, the condition does not appear to be invariably caused by a simple dietary 
deficiency of the element. Swayback has been reported to occur on pastures appar- 
ently normal or even high (7-15 mg/kg DM) in copper content. One important factor 
is that the efficiency of absorption of dietary copper is very variable. For example, 
there is about a tenfold variation in the efficiency with which Scottish Blackface ewes 
absorb copper from autumn pasture (1.2 per cent) and from leafy brassicas (13.2 per 
cent). It is also known that genetic factors influence the concentration of copper in the 
blood, liver and brain of the sheep, and hence the incidence of swayback can be 
affected by genotype. Blackface lambs given a copper-supplemented barley and 
fishmeal diet retained 6 per cent of the dietary copper in the liver, whereas Texel 
lambs retained 13 per cent. Finnish Landrace and Suffolk lambs were intermediate, 
at 8-9 per cent retention. 

Copper plays an important role in the production of ‘crimp’ in wool. The element 
is present in an enzyme that is responsible for the disulphide bridge in two adjacent 
cysteine molecules. In the absence of the enzyme, the protein molecules of the wool 
do not form their bridge and the wool, which lacks crimp, is referred to as ‘stringy’ or 
‘steely’ (see p. 375). 

Nutritional anaemia resulting from copper deficiency has been produced experi- 
mentally in young pigs by diets very low in the element, and this type of anaemia 
could easily arise in such animals fed solely on milk. In older animals, copper defi- 
ciency is unlikely to occur and copper supplementation of practical rations is gener- 
ally considered unnecessary. There are, however, certain areas in the world where 
copper deficiency in cattle occurs. A condition in Australia known locally as ‘falling 
disease’ was found to be related to a progressive degeneration of the myocardium of 
animals grazing on copper-deficient pastures. 


Copper—molybdenum-sulphur interrelations 


Certain pastures on calcareous soils in parts of England and Wales have been known 
for over 100 years to be associated with a condition in cattle known as ‘teart’, which 
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is characterised by unthriftiness and scouring. A similar disorder occurs on reclaimed 
peat lands in New Zealand, where it is known as ‘peat scours’. Molybdenum levels in 
teart pasture are of the order of 20-100 mg/kg DM compared with 0.5-3.0 mg/kg DM 
in normal pastures, and teart was originally regarded as being a straightforward 
molybdenosis. In the late 1930s, however, it was demonstrated that feeding with 
copper sulphate controlled the scouring and hence a molybdenum-copper relation- 
ship was established. 

It is now known that the effect of molybdenum is complex, and it is considered 
that the element exerts its limiting effect on copper retention in the animal only in 
the presence of sulphur. Sulphide is formed by ruminal microorganisms from dietary 
sulphate or organic sulphur compounds; the sulphide then reacts with molybdate to 
form thiomolybdate, which in turn combines with copper to form an insoluble cop- 
per thiomolybdate (CuMoS,), thereby limiting the absorption of dietary copper. In 
addition, it is considered likely that if thiomolybdate is formed in excess, it may be 
absorbed from the digestive tract and exert a systemic effect on copper metabolism 
in the animal. 


Sources of copper 


Copper is widely distributed in foods, and under normal conditions the diet of farm 
animals is likely to contain adequate amounts. The copper content of crops is related 
to some extent to the soil copper level, but it is also affected by other factors such as 
drainage conditions and the herbage species. Seeds and seed by-products are usually 
rich in copper, but straws contain little. The normal copper content of pasture ranges 
from about 4 mg/kg to 8 mg/kg DM. The copper content of milk is low, and hence it 
is customary when dosing young animals, especially piglets, with an iron salt to in- 
clude a trace of copper sulphate. 


Copper toxicity 


It has long been known that copper salts given in excess to animals are toxic. Con- 
tinuous ingestion of copper in excess of nutritional requirements leads to an accu- 
mulation of the element in the body tissues, especially in the liver. Copper can be 
regarded as a cumulative poison, so that considerable care is required in administer- 
ing copper salts to animals. The tolerance to copper varies considerably between 
species. Pigs are highly tolerant (see Box 6.3) and cattle relatively so. On the other 


BOX 6.3 Copper as growth promoter 


In the late 1950s and early 1960s Barber, Braude, Mitchell and their colleagues at the National In- 
stitute for Research in Dairying at Reading demonstrated that pigs given high levels of copper (up to 
250 mg/kg) in the diet had faster growth rates and better food conversion efficiency than unsupple- 
mented pigs. Most of this copper is not absorbed but passes through the digestive tract, achieving its 
effect by altering the microbial population in much the same way as antibiotic growth promoters, al- 
though its effect is independent of and in addition to that caused by antibiotics. 

Concern about pollution of the environment has resulted in restrictions on the use of copper 
as a growth promoter in Europe. The maximum permitted dietary level is 170 mg/kg for pigs up to 
12 weeks of age, and then it must be reduced to 35 mg/kg as for other classes of pig. Furthermore, it 
is essential that sheep do not have access to pasture that has recently been fertilised with pig slurry. 
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hand, sheep are particularly susceptible and chronic copper poisoning has been en- 
countered in housed sheep on concentrate diets. There is a gradual accumulation of 
copper in the liver of sheep until the danger level of about 1000 mg/kg fat-free DM 
is reached. Poisoning has been known to occur in areas where the herbage contains 
copper of the order of 10-20 mg/kg DM and low levels of molybdenum. Chronic 
copper poisoning results in necrosis of the liver cells, jaundice, loss of appetite and 
death from hepatic coma. The slow accumulation of copper in the liver causes dam- 
age to the organ without overt symptoms. There is leakage of enzymes from the 
damaged cells into the blood. Eventually there is a sudden release of copper and 
haemolysis, which can occur spontaneously or as a result of stressors such as partu- 
rition or infection. There is a genetic variation in animals’ susceptibility to copper 
poisoning related to the efficiency of retention, with the Scottish Blackface being the 
least susceptible and continental breeds, such as the Texel, being highly susceptible. 
The EU maximum permitted level for copper in sheep diets is 15 mg/kg — this should 
not be exceeded if toxicity is to be avoided. For susceptible breeds, a dietary level of 
10 mg/kg can be excessive. It is unwise to administer copper supplements to sheep 
unless deficiency conditions are liable to occur — many cases of death due to copper 
poisoning caused by the indiscriminate use of copper-fortified diets have been re- 
ported. Chronic copper poisoning in sheep has occurred under natural conditions in 
parts of Australia where the copper content of the pasture is high. Care should be 
taken when sheep are given antiprotozoal compounds such as monensin, which may 
eliminate the protozoa that produce the sulphide that normally reduces copper 
availability. 


Cobalt 


A number of disorders of cattle and sheep, characterised by emaciation, anaemia 
and listlessness, have been recognised for many years and have been described as 
‘pining’, ‘salt sick’, ‘bush sickness’ and ‘wasting disease’. These disorders occur in 
Europe, Australia, New Zealand and the USA. In the UK, ‘pining pastures’ occur in 
many counties and are particularly common in the border counties of England and 
Scotland. 

As early as 1807, Hogg, an Ettrick shepherd, recognised pining or ‘vinquish’ as 
being a dietary upset. Pining is associated with a dietary deficiency of cobalt caused 
by low concentrations of the element in the soil and herbage. Pining can be pre- 
vented in these areas by feeding with small amounts of cobalt. 

The physiological function of cobalt was discovered only when vitamin B12 was 
isolated and was shown to contain the element. Cobalt is required by microorgan- 
isms in the rumen for the synthesis of vitamin B13; if the element is deficient in the 
diet, then the vitamin cannot be produced in the rumen in amounts sufficient to sat- 
isfy the animal’s requirements and symptoms of pining occur. Pining is therefore re- 
garded as being due to a deficiency of vitamin B12. There is evidence for this, since 
injections of vitamin B12 into the blood alleviate the condition, whereas cobalt injec- 
tions have little beneficial effect. Although vitamin B12 therapy will prevent pining 
occurring in ruminant animals, it is more convenient and cheaper in cobalt-deficient 
areas to supplement the diet with the element, allowing the microorganisms in the 
rumen to synthesise the vitamin for subsequent absorption by the host. 

When ruminants are confined to cobalt-deficient pastures it may be several 
months before any manifestations of pine occur because of body reserves of vitamin 
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B12 in the liver and kidneys. When these are depleted there is a gradual decrease in 
appetite, with consequent loss of weight followed by muscular wasting, pica, severe 
anaemia and eventually death. If the deficiency is less severe, then a vague unthrifti- 
ness, difficult to diagnose, may be the only sign. Deficiency symptoms are likely to 
occur where levels of cobalt in the herbage are below 0.1 mg/kg DM. Under grazing 
conditions, lambs are the most sensitive to cobalt deficiency, followed by mature 
sheep, calves and mature cattle in that order. 

Ruminants have a higher requirement for the element than non-ruminants be- 
cause some of the element is wasted in microbial synthesis of organic compounds 
with no physiological activity in the host’s tissues. Furthermore, vitamin B12 is 
poorly absorbed from the digestive tract of ruminants, the availability in some cases 
being as low as 0.03.The ruminant has an additional requirement for the vitamin be- 
cause of its involvement in the metabolism of propionic acid (see p. 202), an impor- 
tant acid absorbed from the rumen. 

There is evidence that the intestinal microorganisms in non-ruminants also can 
synthesise vitamin By, although in pigs and poultry this synthesis may be insuffi- 
cient to meet their requirements. It is common practice to include in pig and poultry 
diets some animal protein food rich in vitamin B42 and/or a vitamin supplement, in 
preference to including a cobalt salt. 

Apart from the importance of cobalt as a component of vitamin B12, the element 
is believed to have other functions in the animal body as an activating ion in certain 
enzyme reactions. 


Sources of cobalt 


Most foods contain traces of cobalt. Normal pasture herbages have a cobalt content 
within the range 100-250 pg/kg DM. 

Cobalt deficiency in ruminants can be prevented by dosing the animals with a so- 
lution of cobalt salts, although this form of treatment has to be repeated at short in- 
tervals and precautions must be taken when handling the solution (see below). 
Alternatively the animals can be given access to cobalt-containing salt licks. A con- 
tinuous supply from a single dose can be obtained by giving a cobalt bullet contain- 
ing 900 g cobaltic oxide/kg; the bullet remains in the reticulum and slowly releases 
the element over a long period. Some of this cobalt is not utilised by the animal and 
is excreted, and this of course has the effect of improving the cobalt status of the pas- 
ture. Alternatively, deficient pastures can be treated with cobalt-containing fertilisers 
or with small amounts of cobalt salt solutions. 


Cobalt toxicity 


Although an excess of cobalt can be toxic to animals, there is a wide margin of 
safety between the nutritional requirement and the toxic level. Cobalt toxicosis is 
extremely unlikely to occur under practical farming conditions. Unlike copper, 
cobalt is poorly retained by the body tissues and an excess of the element is soon ex- 
creted. The toxic level of cobalt for cattle is 1 mg cobalt/kg body weight daily. Sheep 
are less susceptible to cobalt toxicosis than cattle and have been shown to tolerate 
levels up to 3.5 mg/kg. Excessive cobalt supplementation of ruminant diets can lead 
to the production of analogues of vitamin B42 and a reduction in the quantity of the 
true vitamin. Cobalt compounds pose a risk to human health as they cause cancer if 
inhaled and they irritate the skin; for this reason, their use has been restricted in the 
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EU, where materials with more than 100 mg Co/kg must be labelled as hazardous 
and should be handled only with appropriate personal protection equipment. The 
European Food Safety Authority has recommended that the supplementation of 
diets for farm animals with cobalt be limited to ruminants (except milk replacers), 
horses and rabbits at a level of 0.3 mg/kg DM of supplemental cobalt, and the max- 
imum amount permitted in the complete diet in the EU is 2 mg/kg DM. 


lodine 


The concentration of iodine present in the animal body is very small and in the adult 
is usually less than 600 pg/kg. Although the element is distributed throughout the 
tissues and secretions, its only known role is in the synthesis of the two hormones, 
triiodothyronine (T3) and tetraiodothyronine (T4, thyroxine) produced in the thyroid 
gland (see p. 54). 

Iodine is removed from iodides in the blood and combined with the amino acid ty- 
rosine to form monoiodotyrosine (T+) and diiodotyrosine (T>). Two molecules of T> are 
condensed to produce Ty, the physiologically inactive transport form of the hormone, 
which is stored in the thyroid gland. T4 is released into the blood capillaries as required 
and is activated by deiodinase enzymes to produce the physiologically active Ts. The 
enzymes are selenium-dependent (see p. 131) and occur in the periphery where the 
hormone is needed, mainly in the liver and kidneys but also in the skin. 

The thyroid hormones accelerate reactions in most organs and tissues in the body, 
thus increasing the basal metabolic rate, accelerating growth and increasing the oxy- 
gen consumption of the whole organism. They also control the development of the 
foetus and are involved in immune defence, digestion, muscle function and seasonal- 
ity of reproduction. 


Deficiency symptoms 

When the diet contains insufficient iodine, the production of thyroxine is de- 
creased. The main indication of such a deficiency is an enlargement of the thyroid 
gland, termed endemic goitre, and is caused by compensatory hypertrophy of the 
gland. As the thyroid is situated in the neck, the deficiency condition in farm ani- 
mals manifests itself as a swelling of the neck, so-called ‘big neck’. Reproductive ab- 
normalities are one of the most outstanding consequences of reduced thyroid 
function; breeding animals deficient in iodine give birth to hairless, weak or dead 
young; brain development is impaired; oestrus is suppressed or irregular; and male 
fertility is reduced. 

A dietary deficiency of iodine is not the sole cause of goitre: it is known that cer- 
tain foods contain goitrogenic compounds and cause goitre in animals if given in 
large amounts. These foods include most members of the Brassica genus, especially 
kale, cabbage and rape, and also soya beans, linseed, peas and groundnuts. Goitro- 
gens have been reported in milk of cows fed on goitrogenic plants. A goitrogen pres- 
ent in brassicas has been identified as L-5-vinyl-2-oxazolidine-2-thione (goitrin), 
which inhibits the iodination of tyrosine and thus interferes with thyroxine synthe- 
sis. Therefore, it cannot be overcome by adding more iodine to the diet. Thiocyanate, 
which may also be present in members of the Brassica genus, is known to be goitro- 
genic and may be produced in the tissues from a cyanogenetic glycoside present in 
some foods. Goitrogenic activity of the thiocyanate type is prevented by supplying 
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adequate iodine in the diet. It has been reported that high dietary nitrate levels in- 
hibit the uptake of iodine. 


Sources of iodine 


Iodine occurs in traces in most foods and is present mainly as inorganic iodide, in 
which form it is absorbed from the digestive tract. The richest sources of this element 
are foods of marine origin, and values as high as 6 g/kg DM have been reported for 
some seaweeds; fishmeal is also a rich source of iodine. The iodine content of land 
plants is related to the amount of iodine present in the soil, and consequently wide 
variations occur in similar crops grown in different areas. 

In areas where goitre is endemic, precautions are generally taken by supplement- 
ing the diet with the element, usually in the form of iodised salt. This contains the 
element either as sodium or potassium iodide or as sodium iodate. 


lodine toxicity 


The minimum toxic dietary level of iodine for calves of 80-112 kg body weight has 
been shown to be about 50 mg/kg, although some experimental animals have been 
adversely affected at lower levels. Symptoms of toxicity include depressions in 
weight gain and feed intake. In studies with laying hens, diets with iodine contents of 
312-5000 mg/kg DM stopped egg production within the first week at the higher 
level and reduced egg production at the lower level. The fertility of the eggs pro- 
duced was not affected, but early embryonic death, reduced hatchability and delayed 
hatching resulted. Excessively high levels of iodine supplementation should be 
avoided in diets for ewes in pregnancy because this has resulted in lambs with a re- 
duced ability to absorb immunoglobulins and vitamin E from colostrum. Pigs seem 
to be more tolerant of excess iodine and the minimum toxic level is considered to lie 
between 400 mg/kg and 800 mg/kg. 


Manganese 


The amount of manganese present in the animal body is extremely small. Most tissues 
contain traces of the element, the highest concentrations occurring in the bones, liver, 
kidney, pancreas and pituitary gland. Manganese is important in the animal body as 
an activator of many enzymes such as hydrolases and kinases and as a constituent of 
arginase, pyruvate carboxylase and manganese superoxide dismutase. 


Deficiency symptoms 

Manganese deficiency has been found in ruminants, pigs and poultry. The effects of 
acute deficiency are similar in all species and include retarded growth, skeletal ab- 
normalities, ataxia of the newborn and reproductive failure. Manganese, through its 
activation of glycosyl transferases, is required for the formation of the mucopolysac- 
charide that forms the organic matrix of bone. 

Deficiencies of manganese in grazing ruminants are likely to be rare, although the 
reproductive performance of grazing Dorset Horn ewes in Australia was improved by 
giving manganese over two consecutive years. Low-manganese diets for cows and 
goats have been reported to depress or delay oestrus and conception, and to increase 
abortion. Manganese is an important element in the diet of young chicks, a defi- 
ciency leading to perosis or ‘slipped tendon’, a malformation of the leg bones. Man- 
ganese deficiency is not, however, the only factor involved in the aetiology of this 
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condition, as perosis in young birds may be aggravated by high dietary intakes of cal- 
cium and phosphorus or a deficiency of choline. Another link between manganese 
and choline deficiencies is shown in fatty infiltration of the liver and changes in the 
ultrastructure of the liver. 

Manganese deficiency in breeding birds reduces hatchability and shell thickness, 
and in chicks causes head retraction. In pigs, lameness is a symptom. Other abnor- 
malities associated with manganese deficiency include impaired glucose utilisation 
and a reduced vitamin K-induced blood-clotting response. 


Sources of manganese 


The element is widely distributed in foods, and most forages contain 40-200 mg/kg 
DM. The manganese content of pasture herbages, however, can vary over a much 
wider range and in acid conditions may be as high as 500-600 mg/kg DM. Seeds and 
seed products contain moderate amounts, except for maize, which is low in the ele- 
ment. Yeast and most foods of animal origin are also poor sources of manganese. Rich 
sources are rice bran and wheat offals. Most green foods contain adequate amounts. 


Manganese toxicity 


There is a wide margin of safety between the toxic dose of manganese and the nor- 
mal level in foods. Levels as high as 1 g/kg DM in the diet have been given to hens 
without evidence of toxicity. Growing pigs are less tolerant, levels of 0.5 g/kg DM 
having been shown to depress appetite and retard growth. 


Zinc 


Zinc has been found in every tissue in the animal body. The element tends to accu- 
mulate in the bones rather than the liver, which is the main storage organ of many of 
the other trace elements. High concentrations have been found in the skin, hair and 
wool of animals. Several enzymes in the animal body are known to contain zinc; 
these enzymes include carbonic anhydrase, pancreatic carboxypeptidase, lactate de- 
hydrogenase, alcohol dehydrogenase, alkaline phosphatase and thymidine kinase. In 
addition, zinc is an activator of several enzyme systems. It is involved in cell replica- 
tion and differentiation, particularly in nucleic acid metabolism. Among the other 
physiological functions of zinc are the production, storage and secretion of hor- 
mones, involvement in the immune system and electrolyte balance. 


Deficiency symptoms 
Zinc deficiency in pigs is characterised by subnormal growth, depressed appetite, 
poor food conversion and parakeratosis. The latter is a reddening of the skin fol- 
lowed by eruptions that develop into scabs. A deficiency of this element is particu- 
larly liable to occur in young, intensively housed pigs offered a dry diet ad libitum, 
though a similar diet given wet may not cause the condition. It is aggravated by high 
calcium levels in the diet and reduced by decreased calcium and increased phospho- 
tus levels. Pigs given a diet supplemented with high levels of copper, for growth pro- 
motion, have an increased requirement for zinc. Gross signs of zinc deficiency in 
chicks are retarded growth, foot abnormalities, ‘frizzled’ feathers, parakeratosis and 
a bone abnormality referred to as ‘swollen hock syndrome’. 

Symptoms of zinc deficiency in calves include inflammation of the nose and 
mouth, stiffness of the joints, swollen feet and parakeratosis. The response of severely 
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zinc-deficient calves to supplemental zinc is rapid and dramatic. Improvements in 
skin condition are usually noted within 2-3 days. 

Manifestations of zinc deficiency, responsive to zinc therapy, have been observed 
in growing and mature cattle in parts of Guyana, Greece, Australia and Scandinavia. 
As levels in the pasture herbage are apparently comparable with those of other 
areas, the deficiency is believed to be conditioned by some factor in the herbage or 
general environment. In dairy cows, low dietary zinc concentrations are associated 
with high somatic cell counts in their milk. 


Sources of zinc 


The element is fairly widely distributed. Yeast is a rich source, and zinc is concen- 
trated in the bran and germ of cereal grains. Animal protein by-products, such as fish- 
meal, are usually richer sources of the element than are plant protein supplements. 


Zinc toxicity 


Although cases of zinc poisoning have been reported, most animals have a high tol- 
erance for this element. Excessive amounts of zinc in the diet are known to depress 
food consumption and may induce copper deficiency. 


Molybdenum 


The first indication of an essential metabolic role for molybdenum was obtained in 
1953, when it was discovered that xanthine oxidase, important in purine metabo- 
lism, was a metalloenzyme containing molybdenum. Subsequently the element was 
shown to be a component of two other enzymes, aldehyde oxidase and sulphite 
oxidase. The biological functions of molybdenum, apart from its reactions with copper 
(see p. 123), are concerned with the formation and activities of these three enzymes. 
In addition to being a component of xanthine oxidase, molybdenum participates in the 
reaction of the enzyme with cytochrome C and also facilitates the reduction of 
cytochrome C by aldehyde oxidase. 


Deficiency symptoms 

In early studies with rats, low-molybdenum diets resulted in reduced levels of xan- 
thine oxidase but did not affect growth or purine metabolism. Similar molybdenum- 
deficient diets have been given to chicks without adverse effects, but when tungstate 
(a molybdenum antagonist) was added, growth was reduced and the chick’s ability to 
oxidise xanthine to uric acid was impaired. These effects were prevented by the ad- 
dition of molybdenum to the diet. A significant growth response has been obtained 
in young lambs by the addition of molybdate to a semi-purified diet low in the ele- 
ment. It has been suggested that this growth effect could have arisen indirectly by 
stimulation of cellulose breakdown by ruminal microorganisms. Molybdenum defi- 
ciency has not been observed under natural conditions in any species. 


Molybdenum toxicity 


The toxic role of molybdenum in the condition known as ‘teart’ is described under 
the section on copper (see p. 123). All cattle are susceptible to molybdenosis, with 
milking cows and young animals suffering most. Sheep are less affected and horses 
are not affected on teart pastures. Scouring and weight loss are the dominant mani- 
festations of the toxicity. 


Trace elements 


Selenium 


The nutritional importance of selenium became evident in the 1950s, when it was 
shown that most myopathies in sheep and cattle, and exudative diathesis in 
chicks, could be prevented by supplementing the diet with the element or vitamin 
E (see p. 85). A biochemical role of selenium in the animal body was demon- 
strated in 1973, when it was discovered that the element was a component of glu- 
tathione peroxidase, an enzyme that catalyses the removal of hydrogen peroxide, 
thereby protecting cell membranes from oxidative damage. Glutathione peroxi- 
dase contains four selenium atoms and forms a second line of defence after vita- 
min E, since some peroxidases remain even if vitamin E levels are adequate. 
Selenium has a sparing effect on vitamin E by ensuring normal absorption of the 
vitamin. This is due to its role in preserving the integrity of the pancreas and 
thereby ensuring satisfactory fat digestion. Selenium also reduces the amount of 
vitamin E required to maintain the integrity of lipid membranes and aids the 
retention of vitamin E in plasma. Conversely, vitamin E spares selenium by main- 
taining the element in its active form and preventing its loss. It reduces the pro- 
duction of hydroperoxides and thus the amount of glutathione peroxidase needed 
to protect cells. However, there are limits to the mutual substitution of selenium 
and vitamin E. 

Vitamin E and selenium have roles in the immune system and protect against 
heavy metal toxicity. Other mutual functions and effects of deficiency in farm ani- 
mals are discussed in the section on vitamin E (see pp. 81-86). 

The other major role of selenium is in the production of the thyroid hormones 
(see p. 127), for which it is a component of the enzyme type I iodothyronine deiod- 
inase (ID), which converts T4 to the physiologically active Ts. When there is a defi- 
ciency of selenium the ratio of T4 : Ts increases. The enzyme is found primarily in the 
liver and kidney and not in the thyroid of farm animals. Type II iodothyronine deio- 
dinase (ID) does not contain selenium and also converts T4 to T3, but as it is under 
feedback control from Tu an increase in the latter, when selenium is deficient, com- 
pounds the problem. The major enzyme in ruminants is ID, and in non-ruminants 
ID. A third selenium-containing enzyme, ID3, has been found in the placenta. ID, is 
particularly important in the brown adipose tissue of newborn ruminants and 
releases T3 for use in other tissues. 


Deficiency symptoms 

As mentioned above, the effects of selenium deficiency are often similar to those 
of vitamin E. In parts of Australia and New Zealand, a condition known as ‘ill 
thrift’ occurs in lambs, beef cattle and dairy cows at pasture. The clinical signs in- 
clude loss of weight and sometimes death. Ill thrift can be prevented by selenium 
treatment with, in some instances, dramatic increases in growth and wool yield. 
Similar responses with sheep have also been noted in experiments carried out in 
selenium-deficient areas of Scotland, Canada and the USA. In hens, selenium defi- 
ciency reduces hatchability and egg production. The reduction in use of feed wheat 
from seleniferous regions of North America and Canada has reduced the plant- 
based dietary supply of selenium, especially in pig and poultry diets, resulting in 
greater supplementation being required than previously. Owing to its role in thy- 
roid hormone production, a lack of selenium can produce the symptoms of iodine 
deficiency. 
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Sources of selenium 


The main form of selenium in most foods is protein-bound seleno-methionine. Sup- 
plements of selenium are provided by mineral salts containing sodium selenite, slow- 
release capsules and selenium-enriched yeast. 


Selenium toxicity 


The level of selenium in foods of plant origin is extremely variable and depends mainly 
on the soil conditions under which they are grown. Normal levels of the element in pas- 
ture herbage are usually in the range 100-300 pg/kg DM. Some species of plants that 
grow in seleniferous areas contain very high levels of selenium. One such plant, 
Astragalus racemosus, grown in Wyoming, was reported to contain 14 g selenium/kg 
DM, while the legume Neptunia amplexicaulis grown on a selenised soil in Queens- 
land contained over 4 g/kg DM of the element. Localised seleniferous areas have also 
been identified in Ireland, Israel and South Africa. Selenium is a highly toxic element 
and a concentration in a dry diet of 5 mg/kg or 500 pg/kg in milk or water may be po- 
tentially dangerous to farm animals. ‘Alkali disease’ and ‘blind staggers’ are localised 
names for chronic diseases of animals grazing certain seleniferous areas in the USA. 
Symptoms include dullness, stiffness of the joints, loss of hair from the mane or tail, 
and hoof deformities. Acute poisoning, which results in death from respiratory failure, 
can arise from sudden exposure to high selenium intakes. 


Fluorine 


The importance of fluorine in the prevention of dental caries in humans is well es- 
tablished. Fluorine was added to the list of essential elements in 1972 when it was 
shown that the growth rate of rats was improved after small amounts were added to 
a low-fluorine diet. Under normal conditions a straightforward deficiency syndrome 
in farm animals has not been observed, and even the results of studies with rodents 
are equivocal. 

Most plants have a limited capacity to absorb fluorine from the soil, and normal 
levels in pasture herbage range from about 2 mg/kg to 20 mg/kg DM. Cereals and 
other grains usually contain about 1-3 mg/kg DM only. 

Fluorine is a very toxic element, with ruminants being more susceptible than non- 
ruminants. Levels of more than 20 mg/kg DM in the diet of cattle have resulted in 
dental pitting and wear, leading to exposed pulp cavities. Further increases in fluo- 
rine cause depression of appetite, lameness and reduced production. Bone and joint 
abnormalities also occur, probably owing to ingested fluorine being deposited in the 
bone crystal lattice as calcium fluoride. The commonest sources of danger from this 
element are fluoride-containing water, herbage contaminated by dust from industrial 
pollution, and the use of soft or raw rock phosphate supplements. Processed phos- 
phates are generally safe. 


Silicon 


Rats previously fed on specially purified foods showed increased growth rates from 
the addition to the diet of 500 mg/kg of silicon (as sodium metasilicate). 

Similar results have been obtained with chicks. Silicon is essential for growth and 
skeletal development in these two species. The element is believed to function as a 
biological cross-linking agent, possibly as an ether derivative of silicic acid of the 
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type Rı—O—Si—O—R3. Such bridges are important in the strength, structure and 
resilience of connective tissue. In silicon-deficient rats and chicks, bone abnormali- 
ties occur because of a reduction in mucopolysaccharide synthesis in the formation 
of cartilage. Silicon is required for maximal activity of the enzyme prolyl hydroxy- 
lase, which is involved in collagen synthesis. It is also thought to be involved in other 
processes involving mucopolysaccharides such as the growth and maintenance of ar- 
terial walls and the skin. 

Silicon is so widely distributed in the environment and in foods that it is difficult 
to foresee any deficiencies of this element arising under practical conditions. Whole 
grasses and cereals may contain as much as 14-19 g Si/kg DM, with levels of up to 
28 g/kg DM in some range grasses. 

Silicon toxicity (silicosis) has long been known as an illness of miners caused by 
the inhalation of silical particles into the lungs. Under some conditions, part of the 
silicon present in urine is deposited in the kidney, bladder or urethra to form calculi 
or uroliths. Silica urolithiasis occurs in grazing wethers in Western Australia and in 
grazing steers in western Canada and northwestern parts of the USA. Excessive sil- 
ica in feeds, for example in rice straw, is known to depress organic matter digestibil- 
ity. In mature forage, silicon is in the form of solid particles, which are harder than 
dental tissue and lead to teeth wear in sheep. 


Chromium 


Chromium was first shown to be essential for normal glucose utilisation in rats. 
Mice and rats fed on diets composed of cereals and skimmed milk and containing 
100 pg chromium/kg wet weight were subsequently shown to grow faster if given 
a supplement of chromium acetate. Chromium appears to have a role in glucose 
tolerance, possibly forming a complex between insulin and its receptors. It has re- 
stored glucose tolerance in malnourished children. Chromium may also play a role 
in lipid synthesis, and experiments have shown decreased serum cholesterol and 
increased high-density lipoprotein cholesterol in cases of deficiency. There is also 
thought to be an involvement in protein and nucleic acid metabolism. Investiga- 
tions with pigs have supported the above putative roles, with increased lean and 
decreased fat deposition as a result of more efficient glucose metabolism and spar- 
ing of protein catabolism. Improved reproduction in sows has been reported with 
supplements of organic sources of chromium. There have been positive responses 
to chromium supplements where animals are under physiological stress, for exam- 
ple periparturient dairy cattle and stressed feedlot calves. Immune response, en- 
ergy status, dry matter intake and milk yield have been increased in primiparous 
cows and morbidity has been reduced in calves. The practical significance of the 
element in the nutrition of farm animals is still being investigated and no recommen- 
dations for dietary levels have been made. Chromium is not a particularly toxic 
element in its trivalent form, and a wide margin of safety exists between the nor- 
mal amounts ingested and those likely to produce deleterious effects. The hexava- 
lent form is more toxic because it enters the cells to a greater extent and suppresses 
oxygen consumption and damages DNA. Levels of 50 mg chromium/kg DM in the 
diet have caused growth depression and liver and kidney damage in rats. 
Chromium in the form of its insoluble oxide is often used as a marker in digestibil- 
ity trials (see p. 241). 
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Vanadium 


No specific biochemical function has been identified for vanadium, but it may have 
a role in the regulation of the activity of sodium-potassium ATPase, phosphoryl 
transferase enzymes, adenyl cyclase and protein kinase. It may also act as a cofactor 
for certain enzymes. Vanadium deficiency has been demonstrated in rats, goats and 
chicks. Deficiency symptoms included impaired growth and reproduction, and dis- 
turbed lipid metabolism. In chicks consuming diets containing less than 10 pg 
vanadium/kg DM, growth of wing and tail feathers was significantly reduced. Subse- 
quent studies with chicks demonstrated a significant growth response when dietary 
vanadium concentrations were increased from 30 pg to 3 mg/kg DM. In goats fed on 
diets containing less than 10 pg vanadium/kg there was no effect on growth, but 
there was increased incidence of abortion, reduced milk fat production and a high 
death rate in the kids. 

There is little information about the vanadium content of foods, but levels in the 
range 30-110 pg/kg DM have been reported for ryegrass. Herring meal appears to 
be a relatively rich source, containing about 2.7 mg/kg DM. Vanadium is a relatively 
toxic element. When diets containing 30 mg/kg DM of the element were given to 
chicks, the growth rate was depressed; at levels of 200 mg/kg DM, the mortality rate 
was high. 


Nickel 


A discrete biochemical function has not been firmly established for nickel, but it is 
thought that it may be a cofactor or structural component in metalloenzymes. It may 
also play a role in nucleic acid metabolism. 

Physiological symptoms of nickel deficiency have been produced in chicks, rats 
and pigs kept under laboratory conditions. Chicks given a diet containing nickel in a 
concentration of less than 400 pg/kg DM developed skin pigmentation changes, der- 
matitis and swollen hocks. Diets with a low nickel content have produced scaly and 
crusty skin in pigs, similar to the parakeratosis seen in zinc deficiency, which suggests 
an involvement in zinc metabolism. Supplements of nickel have increased rumen 
bacterial urease activity. 

Normal levels of the element in pasture herbage are 0.5-3.5 mg/kg DM, while 
wheat grain contains 0.3-0.6 mg/kg DM. Nickel is a relatively non-toxic element, is 
poorly absorbed from the digestive tract and does not normally present a serious 
health hazard. 


Tin 

In 1971 it was reported that a significant growth effect, in rats maintained on puri- 
fied amino acid diets in a trace-element-free environment, was obtained when 
the diets were supplemented with tin. These studies suggested that tin was an es- 
sential trace element for mammals. The element is normally present in foods in 
amounts less than 1 mg/kg DM, the values in pasture herbage grown in Scotland, 
for example, being of the order of 300-400 pg/kg DM. The nutritional importance 
of this element has yet to be determined, but it is suggested that tin contributes to 
the tertiary structure of protein or other macromolecules. Tin is poorly absorbed 


Other elements 


BOX 6.4 Enhanced trace element supplementation and health status and fertility 
in dairy cows 


Several authors have reported that when dairy cows were given dietary supplements of certain trace 
elements, above the levels necessary for production, their health status (incidence of mastitis) and 
fertility were improved. In a review, Cottrill and Rymer (see Further reading) concluded that for 
iodine and manganese there is no evidence that feeding levels above requirements have any bene- 
fits. In some studies, raised levels of copper improved fertility and udder health, but results were in- 
consistent and no recommendation could be made with respect to the appropriate level of 
supplementation. The authors also pointed out the complexity surrounding copper absorption 
(molybdenum, sulphur and iron - see p. 123) and the potential cumulative toxicity of copper. In the 
case of chromium, there were potential benefits but again there was insufficient evidence to make 
recommendations. Udder health has been improved by increased levels of selenium, but the vitamin 
E status influences the effect. Again with zinc, the effects on somatic cell counts and mastitis have 
been too inconsistent to recommend giving zinc above requirements. 

This is an area of continuing research, especially with the use of ‘organic’ mineral supplements 
(see p. 107). 


from the digestive tract, especially in the inorganic form, and ingested tin has a 
low toxicity. 


Arsenic 


Arsenic is widely distributed throughout the tissues and fluids of the body but is 
concentrated particularly in the skin, nails and hair. It has been shown that the 
element is essential for the rat, chick, pig and goat. It is needed to form metabolites 
of methionine, including cystine. Animals given an arsenic-deficient diet had rough 
coats and slower growth rates than control animals given a supplement of arsenic. 
A long-term study with goats showed interference with reproduction (abortion, 
low birth weights) and milk production, and sudden death. The toxicity of the 
element is well known; symptoms include nausea, vomiting, diarrhoea and severe 
abdominal pain. The toxicity of its compounds differs widely; trivalent arsenicals, 
which block lipoate-dependent enzymes, are more toxic than the pentavalent 
compounds. 


6.6 OTHER ELEMENTS 


The essentiality of other elements, listed by some authorities, is the subject of de- 
bate. Often the levels required to produce a deficiency are so low as to be of no prac- 
tical significance in normal animal nutrition. For example, boron, which is essential 
to plants, has been shown to increase growth rate and tibia weight and strength in 
broilers, but the response was obtained at levels found only in boron-deficient 
plants. Lithium has been shown to be essential for goats, where it prevented growth 
retardation, impaired fertility and low birth weights, but again deficiency is unlikely 
under practical conditions. 
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SUMMARY 


Minerals fulfil physiological, structural and regulatory functions. Mineral supplements take various 
forms: mineral salts, rumen boluses, ‘organic’ compounds and pasture applications. The roles of 
individual mineral elements, and the effects of their deficiencies, are summarised below: 


Mineral element 


Role 


Effects of deficiency 


Calcium Bone and teeth, transmission Rickets, osteomalacia, thin eggshells, 
of nerve impulses milk fever 
Phosphorus Bone and teeth, energy metabolism Rickets, osteomalacia, depraved 
appetite, poor fertility 
Potassium Osmoregulation, acid-base balance, Retarded growth, weakness 
nerve and muscle excitation 
Sodium Acid-base balance, osmoregulation Dehydration, poor growth, poor 
egg production 
Chlorine Acid-base balance, osmoregulation, Alkalosis 
gastric secretion 
Sulphur Structure of amino acids, vitamins Equivalent to protein deficiency 
and hormones, chondroitin (urea-supplemented diets) 
Magnesium Bone, activator of enzymes for Nervous irritability and convulsions, 
carbohydrate and lipid metabolism hypomagnesaemia 
Iron Haemoglobin, enzymes of electron Anaemia 
transport chain 
Copper Haemoglobin synthesis, enzyme Anaemia, poor growth, depigmentation 
systems, pigments of hair and wool, swayback 
Cobalt Component of vitamin B42 Pining (emaciation, anaemia, 
listlessness) 
lodine Thyroid hormones Goitre; hairless, weak or dead young 
Manganese Enzyme activation Retarded growth, skeletal 
abnormality, ataxia 
Zinc Enzyme component and activator Parakeratosis, poor growth, 
depressed appetite 
Selenium Component of glutathione peroxidase, Myopathy, exudative diathesis 


iodine metabolism, immune function 
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The digestion and metabolism 
of nutrients 


This part describes the physical and chemical processes by which an animal obtains nutrients 
from the chemical compounds that make up the foods ingested and explains how these 
nutrients are subsequently utilised. 


A key group of molecules required for both digestion and metabolism are the enzymes, and 
Chapter 7 provides details of their chemistry, mode of action and the factors affecting their 
activity. 


Chapter 8 is concerned with both the structure of animal digestive tracts and the mechanisms 
by which animals break down large molecules in foods during digestion to produce molecules 
that are small enough to be absorbed through the gut wall. Variations on the 'simple stomach' 
monogastric system are described, leading on to specialised and highly developed systems 
that are dependent on microbial activity in the digestive tract. 


Once the digested molecules are absorbed, they are used to provide energy and to produce 
the proteins, fats and carbohydrates that are required by the body. Chapter 9 describes the 
metabolic processes by which cells utilise and transform molecules and how these processes 
are controlled. 


Enzymes 


7.1 Classification of enzymes 

7.2 Nature of enzymes 

7.3 Mechanism of enzyme action 
7.4 Specific nature of enzymes 

7.5 Factors affecting enzyme activity 
7.6 Nomenclature of enzymes 


The existence of living things involves a continuous series of chemical reactions. Thus, 
green plants synthesise chemical compounds such as sugars, starch and proteins and in 
so doing fix and store energy. Subsequently these compounds are broken down by the 
plants themselves, or the animals that consume them, and the stored energy is utilised. 
The complex reactions involved in these processes are reversible and when not associ- 
ated with living organisms are often very slow. Extremes of temperature or pressure are 
often required to increase the velocity of these reactions to practicable levels. In living 
organisms, such conditions do not exist; yet the storage and release of energy in such 
organisms must take place quickly when required, necessitating a high velocity from the 
reactions involved. The required velocity is achieved through the activity of numerous 
catalysts present in living organisms. 

A catalyst in the classical chemical sense is a substance that affects the velocity of a 
chemical reaction without appearing in the final products; characteristically, the catalyst 
remains unchanged in mass upon completion of the reaction. The catalysts found in 
living organisms are organic in nature and are known as enzymes. They are capable of 
increasing the rate of chemical reaction by a factor of as much as 109-1012 times that of 
the non-catalysed reaction. The reactions catalysed by enzymes are theoretically 
reversible and should reach equilibrium. In living cells, reaction products are removed 
and the reactions are largely unidirectional and do not reach equilibrium. Rather, they 
reach a steady state in which the concentrations of the reactants and products remain 
relatively constant. Reactions will speed up under demand, or slow down when the 
products are not removed quickly enough to maintain the steady state. Enzymes affect 
both the forward and the reverse reactions equally so that the steady state is not 
changed; it is, however, attained more quickly. When one or more of the products is de- 
composed, the reaction may become virtually irreversible. 
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Each living cell contains hundreds of enzymes and can function efficiently only if the 
action of these enzymes is suitably coordinated. It is important to appreciate that within 
the cell, the enzymes exist in different compartments; the cell is not a bag of randomly 
distributed enzymes. Thus, the enzymes used in the first stage of the oxidation of glu- 
cose (glycolysis) are present in the cytoplasm, whereas those involved in the formation 
of acetyl-CoA from pyruvate and its subsequent oxidation via the tricarboxylic acid cycle 
are found in the mitochondria (see Chapter 9). 


7.1 CLASSIFICATION OF ENZYMES 


Enzymes are classified into six major groups according to their mode of action. 


Oxidoreductases 


The oxidoreductases catalyse the transfer of hydrogen, oxygen or electrons from one 
molecule to another. For example, lactate is oxidised to pyruvate in the presence of 
lactate dehydrogenase. In the process, two electrons and two hydrogen atoms are re- 
moved from the alcohol group, and are transferred to NAD to form NADH(+H%), 
leaving a ketone. 


CH3 CH3 


CHOH + NAD}? —— > CO + NADH(+H*) 


COO- COO` 


Lactate Nicotinamide Pyruvate Reduced NAD* 
adenine 
dinucleotide 


This group includes: 


dehydrogenases; 
oxidases; 
peroxidases; 
catalases; 
oxygenases; 
hydroxylases. 


Transferases 


The transferases are a large group of enzymes that catalyse the transfer of groups 
such as acetyl, amino and phosphate from one molecule to another. For example, in 
the formation of citrate from oxalacetate during the release of energy in the body, 
addition of an acetyl group takes place in the presence of citrate synthetase: 
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co.coo- CH3 CH2.COO- 


| | 
CH2.COO7 + COS.CoA + H>jO —» C.OH.COO- + HS.CoA + Ht 
CH>.COO- 


Oxalacetate Acetyl-CoA Citrate Coenzyme A 


This group includes: 


transaldolases and transketolases; 

acyl, glucosyl and phosphoryl transferases; 
kinases; 

phosphomutases. 


Hydrolases 


The hydrolases catalyse hydrolytic cleavage. Typical are the hydrolyses associated 
with fat and protein digestion, which are essential for the normal functioning of the 
organism. A fat may be broken down to glycerides (acylglycerols) and fatty acids 
under the influence of a lipase: 


CH>.0.CO.R; CH;OH 


| 
CH.O.CO.R, + 2H;jO —— = CH.O.CO.R, + R3.COOH + R,.COOH 


CH2.0.CO.R3 CH2OH 
Triglyceride Monoglyceride Fatty acids 
(triacylglycerol) (monoacylglycerol) 


Similarly, peptidases split proteins by hydrolysis of the peptide linkages between 
the constituent amino acids. 
This is a large group, including: 


esterases; 
glycosidases; 
peptidases; 
phosphatases; 
thiolases; 
phospholipases; 
amidases; 
deaminases; 
ribonucleases. 


Lyases 


The lyases are enzymes that catalyse non-hydrolytic decompositions involving the 
removal of certain groups such as in decarboxylation and deamination reactions. 
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Pyruvate decarboxylase, for example, catalyses the conversion of a 2-oxo-acid to an 
aldehyde, and carbon dioxide is removed: 


R R 


CO — > CHO + CO, 


COOH 
In addition to the above, the group includes: 


aldolases; 
hydratases; 
dehydratases; 
synthases; 
lyases. 


Isomerases 


The isomerases catalyse intramolecular rearrangement in optical and positional 
isomers. Typical of this class are the epimerases, such as uridine diphosphate glucose 
4-epimerase. This enzyme catalyses the change of configuration at the fourth carbon 
atom of glucose, and galactose is produced (see Chapter 9). The group includes: 


racemases; 
isomerases; 
some of the mutases. 


Ligases 


The ligases, as the name implies, catalyse reactions where two molecules are bound 
together, with the breakdown of high-energy phosphate bonds such as in ATP, which 
provides the energy for the reaction to take place. The production of acetyl-CoA 
from acetate by acetyl coenzyme A synthetase is typical: 


CH3 H CH3 

| + | + ATP —— | + HO + AMP + PP 

COOH S.COA COS.CoA 

Acetic acid Coenzyme A Acetyl-CoA Pyrophosphate 


NATURE OF ENZYMES 


The majority of enzymes are based on complex, high-molecular-weight proteins, but 
there are exceptions, such as the ribozymes, which are RNA-based. Some proteins 
may themselves act as efficient catalysts, but many require the assistance of smaller 
entities to achieve this. Such substances, bound to the protein, are termed cofactors. 


Coenzymes 


Organic cofactors are known as coenzymes. They are relatively few in number, but 
each coenzyme may be associated with a number of different enzymes and so plays 
a part in a large number of chemical reactions. Among the most important coenzymes 


Nature of enzymes 
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Fig. 7.1 Flavin mononucleotide. 


are nicotinamide adenine dinucleotide (NAD), thiamine pyrophosphate, pyridoxal 
phosphate and flavin mononucleotide. In such cases, the protein, referred to as the 
apoprotein, is catalytically inactive. However, when bound to the coenzyme it forms 
the active holoenzyme. Flavin mononucleotide (Fig. 7.1) is a typical example of a 
coenzyme. Exchange of hydrogen atoms takes place at the positions marked *. 

In some cases the coenzyme does not remain permanently attached to the apoen- 
zyme but is released after the reaction is completed. Thus, the oxidised form of NAD is 
strongly bound to the apoenzyme in dehydrogenase systems, but when the oxidation is 
complete the reduced form is released from the enzyme and the oxidised form is regen- 
erated by reaction with other electron acceptors. In such cases, the coenzyme is acting 
more as a second substrate than a true coenzyme. Many enzymes act out either or both 
of these roles, depending upon the reaction with which they are concerned. 


Metal cofactors 


Some two-thirds of enzymes require metal cofactors if they are to carry out their 
proper function. In some cases, the metals are attached by coordinate covalent link- 
ages to the enzyme protein or they may form part of prosthetic groups within the 
enzyme, as in the case of iron in the haem proteins (Fig. 7.2). Good examples of 


Fig. 7.2 Haem grouping within the cytochrome molecule. 
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protein-bound metal cofactors are zinc and iron. Carboxypeptidase is a zinc 
protease that catalyses the hydrolytic cleavage of peptide bonds. The zinc generates 
hydrogen and hydroxyl ions, from bound water, which attack the peptide bond as 
shown here: 


H 


| 
Enzyme —}-Zn* + -O—H\, 
‘ \ 


1 \ 
OH VO H Ht 
A 4 
R.CHj;¿CH; — C —N— CH .CH>.R 


R.CH>.CH»>COOH NH .CH>.CH>.R 


Acid Amine 


The cytochromes are important in certain oxidation reactions in the body in 
which they accept electrons from reduced substances, which are consequently oxi- 
dised. The iron forms part of the haem grouping within the cytochrome molecule, as 
shown in Fig. 7.2. The exchange of electrons takes place at the iron atom. 

Metal cofactors do not always bind to the enzyme but rather bind to the primary 
substrate. The resulting substrate-metal complex binds to the enzyme and facili- 
tates its activity. Creatine kinase catalyses the transfer of phosphoryl groups from 
adenosine triphosphate (ATP), which is broken down to adenosine diphosphate 
(ADP). The reaction requires the presence of magnesium ions. These, however, do 
not bind to the enzyme but bind to ATP, forming an ATP—Mg complex. It is this 
complex that binds to the enzyme and allows transfer of the phosphoryl group: 


ATP + Mg++ ——— ATP-Mg complex 


ATP-Mg complex + enzymes» ATP-—Mg-enzyme complex 


Creatine m= Phosphocreatine 


ATP-Mg-enzyme ADP + enzyme + Mg** 


Some enzymes are present in an inactive form that is changed to an active state at 
the place and time when its action is required. Thus, trypsinogen is synthesised in the 
pancreas, transported to the small intestine and there changed to the active digestive 
enzyme trypsin. This kind of mechanism confers considerable control over the siting 
and timing of enzyme activity. The inactive precursors are known as zymogens. 


MECHANISM OF ENZYME ACTION 


If a chemical reaction is to take place, the reacting molecules must pass through a high- 
energy transition state. This may be envisaged as an intermediate stage in the reaction 
in which the molecules are distorted or strained, or have an unfavourable electronic 
arrangement. At any particular moment the molecules in a sample have differing 
energies, but only a few will be able to pass the energy barrier represented by the tran- 
sition state. In this situation, the reaction will not proceed or may do so only very 


Mechanism of enzyme action 
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Fig. 7.3 Mechanism of enzyme catalysis. 


slowly. In the gaseous state or in solution, the energies of the molecules may be raised 
by the provision of an outside source of energy in the form of heat; more molecules 
will pass the energy barrier and the reaction is speeded up. In the body this is not an 
option, owing to the strict control exerted on body temperature. In such a situation, 
the same end may be achieved by lowering the barrier instead of increasing the energy 
of the molecules. This is the function performed by a catalyst. 

In Fig. 7.3 the unbroken line illustrates the effect, on the rate of an uncatalysed re- 
action, of increasing inputs of energy. The apex of the curve represents the transition 
state and the energy that a molecule must possess for the reaction to take place. The 
free energy that must be provided to achieve this is the activation energy. The broken 
line shows a similar plot for the catalysed reaction. In this case, the activation energy 
required by the molecule to achieve the transition state is lower. Consequently, more 
molecules are able to attain it and the reaction rate is increased. It is important to ap- 
preciate that the catalyst does not change the equilibrium but merely changes the 
speed with which equilibrium is attained. 

Enzyme action involves the formation of a complex between the enzyme and the 
substrate or substrates. The complex then undergoes breakdown, yielding the prod- 
ucts and the unchanged enzyme: 


E+ S == ES == E+ P 


The complexes are formed between the substrate and relatively few active sites 
on the enzyme surface. The bonding may be ionic: 


COO- *H3N.R 


COO- +H3N.R 
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or by hydrogen bonds: 


or by van der Waals bonds. These latter bonds arise as a result of non-specific attrac- 
tive forces between atoms when the distance between them is 3-4 A. They are 
weaker than the ionic and hydrogen bonds but may be important because of the 
large number that may be formed when conditions are favourable. 

The type of reaction envisaged for enzyme catalysis is illustrated by that sug- 
gested for the chymotrypsin-catalysed hydrolysis of an ester shown in Fig. 7.4, where 
the groups involved in the catalysis are the alcohol group of serine and the imidazole 
of histidine. 

The active sites are always small compared with the enzyme molecule and are 
three-dimensional. They are usually clefts, crevices or pockets and have specific 
shapes. They are usually surrounded by amino acid chains, some of which help to 
bind the substrate and others that play a part in the actual catalytic process. 


SPECIFIC NATURE OF ENZYMES 


Enzyme specificity is said to be absolute if the action of the enzyme is limited to one 
substrate only. An example is urease, which only catalyses the breakdown of urea to 
carbon dioxide and ammonia: 


NH> 
‘CO + H20 ——» 2NH3 + CO? 


NH2 


In most cases enzymes are able to catalyse reactions in more than one group of 
substrates. In such cases the specificity is said to be relative. Such group specificity 
may be of a low order, such as in the case of the digestive enzymes trypsin and 
pepsin, which catalyse the rupture of peptide bonds. In other cases it may be much 
higher. Chymotrypsin, for example, catalyses the hydrolytic cleavage only of peptide 
bonds in which the carboxyl residue is derived from an aromatic amino acid. 

Enzyme specificity arises from the need for spatial conjunction of the active 
groups of the substrate with the active site of the enzyme. This requires an exact fit of 


Specific nature of enzymes 
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Fig. 7.4 Chymotrypsin-catalysed hydrolysis of an ester. 


After Westheimer F H 1962 Advances in Enzymology 24: 464. 


the substrate into the active site as a key fits into a lock. In the lock and key model of 
enzyme action (Fig. 7.5), the necessary structures are considered to be preformed. 
Although the lock and key model accounts for enzyme specificity, it does not 
explain certain other aspects, and the induced-fit model is currently pre-eminent. 
This model predicates that the reacting sites need not be fully preformed but only so 
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23- 


Enzyme Substrate 


Fig. 7.5 Lock and key model of enzyme-substrate complex formation. 


Fig. 7.6 Induced-fit model of enzyme-substrate complex formation. 


far as to allow the substrate to position itself close to an active site on the enzyme. 
Interaction then causes distortion of both the enzyme and substrate, as a result of 
which structures are produced that allow for complete conjunction of the two and 
successful complex formation (Fig. 7.6). As a result of the distortion involved in 
complex formation, strain is induced in the enzyme and this helps to pull the sub- 
strate into the transition state conformation. 

In addition to distorting their substrates, enzymes frequently position groups in 
the right position for the catalytic action to take place, especially in the case of 
acid-base catalysis. In other instances, the enzyme sets a metal ion in just the right 
position to allow metal ion catalysis. 


FACTORS AFFECTING ENZYME ACTIVITY 


Substrate concentration 


In a system where the enzyme is in excess and the concentration remains constant, an 
increase in substrate concentration increases the velocity of a reaction. This is due to 
increased utilisation of the available active sites of the enzyme. If the substrate concen- 
tration continues to increase, utilisation of the available active sites becomes maximal 
and there is no further increase in the rate of reaction. In fact, continued increases in 
substrate concentration may lead to a reduced rate, owing to an incomplete linkage of 


Factors affecting enzyme activity 


enzyme and substrate resulting from competition for the active sites by the excess sub- 
strate molecules. 

The effect of substrate concentration on the velocity of an enzyme-catalysed 
reaction is frequently represented in terms of the Michaelis-Menten constant, Km. This 
is the molar concentration of substrate at which half the centres of the enzyme are oc- 
cupied by substrate and the rate of reaction is half the maximum. Above Km, the effect 
of an increase in concentration of the substrate on the reaction decreases as the 
maximum is approached. At substrate concentrations below Km, increases in concen- 
tration will give large responses in terms of reaction rate. When physiological substrate 
concentrations are much above an enzyme’s Km, the substrate is unlikely to be the 
controlling factor of a metabolic pathway. Many enzymes have K,, values that approx- 
imate to their physiological concentrations. Changes in the latter will result in signifi- 
cant changes in reaction rate and are important in the control of metabolism. 


Enzyme concentration 


In a system where the substrate is present in excess, an increase in enzyme concen- 
tration gives a straight-line response in reaction velocity owing to the provision of 
additional active sites for the formation of enzyme-substrate complexes. Further in- 
creases in the enzyme concentration may result in some limiting factor, such as the 
availability of the coenzyme, becoming operative. Enzymes are rarely saturated with 
substrate under physiological conditions. 


Inhibitors 


A wide variety of substances can act as inhibitors of enzyme activity. They fall into 
two main groups: reversible and non-reversible. 


Reversible inhibition 


Such inhibition involves non-covalent bonding of the inhibitor to the enzyme. The 
group divides into three subgroups: competitive, non-competitive and uncompetitive. 
A competitive inhibitor resembles the substrate in its chemical structure and is able 
to combine with the enzyme to form an enzyme-inhibitor complex. In so doing it 
competes with the substrate for the active sites of the enzyme, and formation of the 
enzyme-substrate complex is inhibited. This type of inhibition may be reversed by the 
addition of excess substrate, which displaces the inhibitor, forming normal 
enzyme-substrate complexes. One of the best-known examples is provided by the 
sulphonamide drugs. The synthesis of folic acid from p-aminobenzoic acid (PABA) is a 
vital metabolic process in the bacteria controlled by these drugs. The similarity 
between PABA and sulphanilamide, released by the sulphonamides, is obvious: 


COOH SO2NH2 
NH2 NH2 
Para-aminobenzoic acid Sulphanilamide 


151 


Chapter 7 Enzymes 


152 


Enzyme-PABA Enzyme 
complex + folic acid 
Enzyme 

+ PABA 

+ sulphanilamide 


/ N 


Enzyme-sulphanilamide 
complex 


Fig. 7.7 Competitive inhibition of PABA. 


The sulphanilamide forms a complex with the relevant enzyme, thus preventing nor- 
mal enzyme-substrate combination and the formation of folic acid. Addition of excess 
PABA overcomes the inhibition, since the formation of the enzyme-sulphanilamide 
complex is reversible. The situation may be visualised as shown in Fig. 7.7. 

The extent of the inhibition will depend upon the relative concentrations of the 
true substrate and the inhibitor. 

A non-competitive inhibitor does not bind to the active site but binds at some 
other site on the enzyme surface and may cause distortion of the enzyme and reduce 
catalytic activity. In the simplest case the inhibitor binds readily with both enzyme 
and substrate. Three types of complex are formed: 


enzyme-substrate (ES); 
enzyme-inhibitor (EI); 
enzyme-inhibitor—substrate (EIS). 


The reaction rate will be slower owing to the removal of enzyme from the system. 
The EI complex will be catalytically inert. The EIS complex may, however, be suscep- 
tible to reconversion to ES and make some contribution to catalytic activity. Non- 
competitive inhibition cannot be reversed by excess substrate, but it may be reversed 
by exhaustive dialysis. 

In uncompetitive inhibition, the inhibitor binds to the enzyme-substrate complex 
and renders it inactive. 


Irreversible inhibition 


Such inhibition involves covalent bonding at the active site and cannot be reversed 
by excess substrate or by dialysis. The site is therefore blocked and made catalytically 
inactive. Most inhibitors in this group are highly toxic, e.g. the organophosphorus 
nerve poisons. Thus, diisopropyl fluorophosphate (DFP) reacts irreversibly with the 
hydroxyl group of serine: 


CH.(CH3)2 CH.(CH3)2 
C:O $ C:O i 
CH.CH,OH + mn — DEE + HF 
NH j NH i 
CH.(CH3)2 cies 
Enzyme Diisopropyl Inactive enzyme-inhibitor 
phosphofluoridate complex 
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Any enzyme having an essential serine at its active site will be irreversibly inac- 
tivated by it. The serine proteases and acetylcholinesterases are typical examples. 
The latter is essential for nerve conduction and its inactivation results in rapid 
paralysis of vital functions. It is this action that makes the organophosphates such 
potent toxins. 


Allosteric effects 


The activity of some enzymes can be affected by molecules that bind to the enzymes 
but that do not work in the same way as either competitive or non-competitive en- 
zyme inhibitors. Such molecules that bind to macromolecules are known as ligands 
and may be small and simple or large and complex like proteins. They may be acti- 
vators or inhibitors and may even be substrates. They are commonly referred to as 
effectors, modifiers or modulators. 

Typically modulators bind to unique allosteric sites, which are quite distinct from 
the sites binding the substrate. The binding brings about a conformational change in 
the enzyme, resulting in a change in the affinity of the enzyme for the substrate. The 
modulators may increase or decrease the affinity and bind to activator and inhibitory 
sites, respectively. 

The vast majority of allosteric enzymes are oligomers, i.e. they consist of several 
subunits or protomers. Binding of a modulator to one protomer may affect binding 
at the other protomers so that the effect of an activator on the affinity of an enzyme 
for the substrate on one protomer has the same effect on the others. 

Almost all metabolic pathways employ allosteric enzymes. The complex feedback 
mechanisms controlling these pathways are, to a large part, the result of the action of 
allosteric inhibitors and activators. 


Environmental factors 


A number of factors, including temperature, acidity and salt concentration, may in- 
fluence enzyme activity, but in the living animal these are not likely to be of much 
importance. 


Temperature 


Over a limited temperature range, the efficiency of enzyme-catalysed reactions is 
increased by increasing the temperature. Very approximately, the speed of reaction is 
doubled for each increase of 10 °C. As the temperature rises, a complicating factor 
comes into play because denaturation of the enzyme protein begins. This is a molec- 
ular rearrangement that causes a loss of active sites on the enzyme surface and de- 
creases reaction efficiency. Above 50 °C destruction of the enzyme becomes more 
rapid, and most enzymes are destroyed when heated to 100 °C. The time for which 
the enzyme is subjected to a given temperature affects the magnitude of the loss of 
activity. Each enzyme has an optimum temperature at which it is most effective, 
which approximates to that of the cells in which it occurs. Thus, enzymes of micro- 
organisms adapted to cold conditions are able to function efficiently at temperatures 
close to zero, and others adapted to life in hot springs have optima in the region 
of 100 °C. 


153 


Chapter 7 Enzymes 


7.6 


154 


Acidity 

Hydrogen ion concentration has an important effect on the efficiency of enzyme 
action. Most enzymes are most effective in the region of pH 6-7, which is similar to 
that in cells. Extracellular enzymes may show maximum activity in the acid or alka- 
line pH ranges, but the actual range in which an individual enzyme works is only 
about 2.5-3.0 units; outside this range, the activity declines very rapidly. The reduc- 
tion in efficiency brought about by a change in pH is due to changes in the degree of 
ionisation of the substrate and the enzyme. Where the linkage between active centres 
is electrostatic, the mechanism by which the intermediate complex is formed is af- 
fected and consequently the efficiency of enzyme action is reduced. In addition, 
highly acidic or alkaline conditions bring about denaturation of the enzyme and sub- 
sequent loss of activity. 


NOMENCLATURE OF ENZYMES 


Some enzymes were named in the early days of the study of enzymes and have 
non-systematic names; for example, the digestive enzymes pepsin, trypsin and 
ptyalin. 

In 1972, the International Union of Pure and Applied Chemistry and the Interna- 
tional Union of Biochemistry recommended the use of two systems of nomenclature 
for enzymes, one systematic and one working or recommended. The recommended 
name was not required to be very systematic but had to be short enough for conven- 
ient use. The systematic name, formed in accordance with definite rules, was to show 
the action of the enzyme as exactly as possible, thus identifying it precisely. It was to 
consist of two parts, the first naming the substrate and the second, ending -ase, indi- 
cating the type of reaction catalysed. In addition, code numbers were allocated to 
enzymes according to the following scheme: 


The first number shows to which of the six main classes the enzyme belongs. 
The second number shows the subclass. 

The third number shows the sub-subclass. 

The fourth number identifies the enzyme. 


Recommended Systematic Code 
Reaction name name number 
L-Lactate + NAD* to Lactate L-Lactate: NAD* 1.1.1.27 
pyruvate + NADH + H* dehydrogenase oxidoreductase 
Hydrolysis of terminal Alpha-glucosidase Alpha-p-glucoside 3.2.1.20 
non-reducing 1,4-linked glucohydrolase 
alpha-D-glucose residues 
of alpha glucose (e.g. 
maltose to glucose) 
L-Glutamate to Glutamate L-Glutamate 4.1.1.15 
4-aminobutyrate + CO, decarboxylase 1-carboxylase 


SUMMARY 


1. Enzymes are organic catalysts. They are classi- 
fied into six major groups according to the 
functions they perform: 


Oxidoreductases catalyse the transfer of 
hydrogen, oxygen or electrons from one 
molecule to another. 

Tranferases catalyse transfer of groups from 
one molecule to another. 

Hydrolases catalyse hydrolytic cleavage. 
Lyases catalyse non-hydrolytic decompositions 
such as decarboxylation and deamination. 
Isomerases catalyse intramolecular 
rearrangements. 

Ligases catalyse bond formation, the energy 
for which is derived from the breakdown of 
high-energy compounds such as ATP. 


2. The majority of enzymes are based on com- 
plex high-molecular-weight proteins, many of 
which need organic cofactors (coenzymes) if 
they are to work efficiently. Others need 
metallic cofactors, either bound to the 
enzyme by covalent bonds or forming an 
integral part of the molecule. Others do not 
bind to the molecule but bind to the primary 
substrate. 


FURTHER READING 


3. 


Further reading 


An enzyme may be present in an inactive form 
(zymogen), which is changed to the active 
form as and when required. A number of the 
digestive enzymes are of this type, for exam- 
ple, trypsin. 


. Enzymes function by lowering the activation 


energy of reactions. 


. Most enzymes are able to catalyse the reac- 


tions of more than one group of substances 
and are described as being relatively specific. 
Others may catalyse one reaction for one sub- 
stance, in which case the specificity is described 
as absolute. 


. The rate of enzyme action is influenced by: 


substrate concentration; 
enzyme concentration; 
temperature; 

acidity; 

environment. 


. The first part of the name of an enzyme 


indicates the substrate attacked and the sec- 
ond part the type of reaction carried out. In 
addition, numbers are used to delineate class, 
subclass and sub-subclass. 


Berg J M, Tymoczko J L and Stryer L 2006 Biochemistry, 6th edn, New York, W H Freeman. 
Devlin T M (ed.) 1997 Textbook of Biochemistry with Clinical Correlations, 4th edn, New 


York, John Wiley & Sons. 


Enzyme Nomenclature 1973 Recommendations (1972) of the International Union of Pure 
and Applied Chemistry and the International Union of Biochemistry, New York, American 


Elsevier. 


Mathews C K and van Holde K E 1999 Biochemistry, 3rd edn, Redwood City, CA, Benjamin 


Cummings Publishing Co. 


155 


156 


8.1 


Digestion 


8.1 Digestion in monogastric mammals 

8.22 Microbial digestion in ruminants and other herbivores 
8.3 Alternative sites of microbial digestion 

8.4 Nutrient digestion and the environment 


Many of the organic components of food are in the form of large insoluble molecules, 
which have to be broken down into simpler compounds before they can pass through 
the mucous membrane of the alimentary canal into the blood and lymph. The breaking- 
down process is termed ‘digestion’, and the passage of the digested nutrients through 
the mucous membrane ‘absorption’. 

The processes important in digestion may be grouped into mechanical, chemical and 
microbial activities. The mechanical activities are mastication and the muscular contrac- 
tions of the alimentary canal. The main chemical action is brought about by enzymes se- 
creted by the animal in the various digestive juices, though it is possible that plant 
enzymes present in unprocessed foods may in some instances play a minor role in food 
digestion. Microbial digestion of food, also enzymic, is brought about by the action of 
bacteria, protozoa and fungi, microorganisms that are of special significance in rumi- 
nant digestion. In monogastric animals, microbial activity occurs mainly in the large in- 
testine, although there is a low level of activity in the crop of birds and the stomach and 
small intestine of pigs. 


DIGESTION IN MONOGASTRIC MAMMALS 


The alimentary canal 


The various parts of the alimentary canal and its associated organs of the pig, which 
will be used as the reference animal, are shown in Fig. 8.1. Specific features of other 
types of digestive tract will be described after that of the pig. The digestive tract can 
be considered as a tube extending from mouth to anus, lined with mucous mem- 
brane, whose function is the prehension, ingestion, comminution, digestion and 
absorption of food, and the elimination of solid waste material. The various parts are 
mouth, pharynx, oesophagus, stomach, and small and large intestine. The movement 
of the intestinal contents along the tract is produced by peristaltic waves, which are 
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Fig. 8.1 Diagrammatic representation of the digestive tract of the pig. 


Source: After Moran E J Jr — See Further Reading 


contractions of the circular muscle of the intestinal wall. The contractions are invol- 
untary and are under overall autonomic nervous control. The nervous plexus within 
the tissue layers of the gut wall integrates the activity of the muscles. Several different 
kinds of movement of the intestinal wall are recognised, the functions of these being 
the transport of materials along the tract, the mixing of the digestive juices with the 
food, and the bringing of the digested nutrients into contact with the intestinal 
mucous membrane for subsequent absorption. 

The small intestine, which comprises the duodenum, the jejunum and the ileum, 
is the main absorption site and contains a series of finger-like projections, the villi, 
which greatly increase the surface area available for absorption of nutrients. Each 
villus contains an arteriole and venule, together with a drainage tube of the lym- 
phatic system, a lacteal. The venules ultimately drain into the hepatic portal system, 
and the lacteals into the thoracic lymphatic duct. The luminal side of each villus is 
covered with projections, the microvilli, which are often referred to as the brush 
border. 

There are a number of secretions that flow into the alimentary canal from the 
liver, the pancreas and the wall of the canal, and many of these contain enzymes that 
bring about the hydrolysis of the various food components (see Table 8.1). Some of 
the proteolytic enzymes present in the secretions are initially in the form of inactive 
precursors termed zymogens. These are activated after secretion into the tract. 


Digestion in the mouth 


This is mainly mechanical, mastication helping to break up large particles of food 
and to mix it with saliva, which acts as a lubricant and is a medium for taste percep- 
tion. The lower incisor teeth are used for rooting and the inward-curved upper inci- 
sors grasp and shear food items. The premolars and molars are employed to crush the 
food. The pig has taste buds throughout the oral cavity and they are concentrated on 
the tongue. The saliva is secreted into the mouth by three pairs of salivary glands: the 
parotids, which are sited in front of each ear; the submandibular (submaxillary) 
glands, which lie on each side of the lower jaw; and the sublingual glands, which are 
underneath the tongue. Saliva is about 99 per cent water, the remaining 1 per cent 
consisting of mucin, inorganic salts and the enzymes a-amylase and the complex 
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Digestion in monogastric mammals 


lysozyme. Some animals, such as the horse, cat and dog, lack salivary a-amylase, 
whereas the saliva of other species, humans included, has strong a-amylase activity. 
The enzyme is present in the saliva of the pig, but the activity is low. It is doubtful 
whether much digestion occurs in the mouth, since the food is quickly swallowed 
and passed along the oesophagus to the stomach, where the pH is unfavourable for 
a-amylase activity. It is possible, however, that some digestion of starch by the enzyme 
can occur in the stomach, since the food mass is not immediately mixed intimately with 
the gastric juice. The pH of pig’s saliva is about 7.3, which is only slightly above the 
value regarded as optimal for a-amylase activity. This enzyme hydrolyses the a-(1—4)- 
glucan links in polysaccharides containing three or more a-(1—>4)-linked D-glucose 
units. The enzyme therefore acts on starch, glycogen and related polysaccharides and 
oligosaccharides. When amylose, which contains exclusively a-(1—4)-glucosidic bonds 
(see p. 26), is attacked by a-amylase, random cleavages of these bonds give rise to a 
mixture of glucose and maltose. Amylopectin, on the other hand, contains in addition 
to a-(1—4)-glucosidic bonds a number of branched a-(1—6)-glucosidic bonds, which 
are not attacked by a-amylase, and the products include a mixture of branched and 
unbranched oligosaccharides (termed ‘limit dextrins’) in which a-(1—>6)-bonds are 
abundant. 

The enzyme lysozyme has been detected in many tissues and body fluids. It is 
capable of hydrolysing the B-(1—>4)-N-acetyl-glucosaminidic linkage of the repeating 
disaccharide unit in the polysaccharides of the cell walls of many species of bacteria, 
thereby killing and dissolving them. 


BOX 8.1 Studies of digestion 


To study digestion in farm animals, especially ruminants, it is often necessary to obtain samples of 
digesta from various sections of the alimentary tract. Stomach contents can be sampled by means of 
a tube inserted via the oesophagus. However, the sampling of this and other sections of the tract 
generally requires surgical modification of the animal by the formation of fistulas. A fistula is an 
opening created between a digestive organ and the exterior of the animal, and it is maintained by 
means of a rubber or plastic insert known as a cannula. For example, in ruminants a fistula may be 
formed between the posterior dorsal sac of the rumen and the animal’s flank. Such a fistula is nor- 
mally fitted with a cannula 25-125 mm in diameter, with a screw cap. Removal of the cap allows 
samples of rumen contents to be taken. In both ruminants and pigs, similar, but smaller, cannulae 
may be inserted into the true stomach and into selected points of the small or large intestines. The 
intestines may also be fitted with a device known as a re-entrant cannula. For this the intestine is 
severed and both ends are brought close to the skin surface and joined by a tube running outside 
the animal. With this tube in position the digesta flow normally from the proximal to the distal por- 
tions of the intestine. However, if the tube is opened, digesta may be collected from the proximal 
part, measured, sampled and returned to the distal part. The re-entrant cannula therefore allows the 
flow of digesta to be measured directly. In pigs, for example, a cannula at the terminal ileum is used 
to determine how much protein digestion has occurred before the food residues are attacked by 
microorganisms in the caecum and colon. 

Cannulated animals live a normal life and with care can be kept free of discomfort or pain for 
long periods. Sheep with a rumen cannula are known to have survived for more than 10 years, well 
beyond their normal lifespan. 
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Digestion in the stomach 


The stomach of the adult pig has a capacity of about 8 ] and consists of a simple com- 
partment, which functions not only as an organ for the digestion of food but also for 
storage. Viewed from the exterior, the stomach can be seen to be divided into the 
cardia (entrance), fundus and pylorus (terminus), the cardia and pylorus being 
sphincters controlling the passage of food through the stomach. The inner surface of 
the stomach is increased in area by an infolding of the epithelium and has four dis- 
tinct areas. The oesophageal area is an extension of the oesophagus into the stomach 
and the surface has no glands. Here, a-amylase activity may continue and there is an 
active microbial population, mainly lactobacilli and streptococci. The cardia area 
covers about one-third of the surface and secretes an alkaline, enzyme-free, viscous 
mucus formed of a gel-forming glycoprotein that protects the epithelium from acid 
attack. The gastric gland region covers a further third of the surface and secretes a 
glycoprotein and fucolipid mucus and contains the oxyntic cells, which produce 
hydrochloric acid. In addition, this region also produces pepsinogen. The fourth area 
is the pyloric region, which is before the entry to the small intestine. This, area has 
glands, like those in the cardia region, which secrete a protective mucus. Thus, the 
gastric juice consists of water, pepsinogens, inorganic salts, mucus, hydrochloric acid 
and the intrinsic factor important for the efficient absorption of vitamin B12. 

A number of factors are concerned with the stimulation of the glands to secrete 
gastric juice. Initially, in the cephalic phase, stimuli such as the sight and smell of 
food act via the vagus nerve. Then, in the gastric phase, secretion is maintained by 
chemical sensors and distension of the stomach. Finally, the presence of digesta in 
the duodenum elicits secretion by neural and hormonal messages. 

The pig’s stomach is rarely completely empty between meals and the slow mixing 
conditions are conducive to microbial fermentation at the oesophageal end and gastric 
digestion at the pyloric end. Pepsinogens are the inactive forms of pepsins that hydrol- 
yse proteins. The acid concentration of the gastric juice varies with the diet but is gen- 
erally about 0.1 M, which is sufficient to lower the pH to 2.0. The acid activates the 
pepsinogens, converting them into pepsins by removing low-molecular-weight pep- 
tides from each precursor molecule. Four pepsins have been found in the pig, which 
have optimum activity at two different pH levels, 2.0 and 3.5. Pepsins preferentially at- 
tack those peptide bonds adjacent to aromatic amino acids, e.g. phenylalanine, trypto- 
phan and tyrosine, but they also have a significant action on linkages involving 
glutamic acid and cysteine. Pepsins also have a strong clotting action on milk. Rennin 
or chymosin, an enzyme that occurs in the gastric juice of the calf and the young 
piglet, resembles pepsins in its activity. The products of protein digestion in the stom- 
ach are mainly polypeptides of variable chain length and a few amino acids. 

The emptying of the stomach contents into the duodenum is controlled by os- 
motic sensors in the duodenum. In addition, the presence of excess lipid reduces the 
emptying rate. 

The epithelial surface of the pig’s stomach is susceptible to ulceration related to 
the degree of processing of cereals in the diet (see p. 558). 


Digestion in the small intestine 


The partially digested food leaving the stomach enters the small intestine, where it is 
mixed with secretions from the duodenum, liver and pancreas.The majority of digestion 
and absorption occurs in the small intestine, the duodenal area being the site for 
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mixing digesta and secretions and the jejunal area being the site of absorption. The 
duodenal (Brunner’s) glands produce an alkaline secretion, which enters the duode- 
num through ducts situated between the villi. This secretion acts as a lubricant and also 
protects the duodenal wall from the hydrochloric acid entering from the stomach. 

Bile is secreted by the liver and passes to the duodenum through the bile duct. It 
contains the sodium and potassium salts of bile acids, chiefly glycocholic and tauro- 
cholic (see p. 49), phospholipids, the bile pigments biliverdin and bilirubin, which 
are the end products of haem catabolism, cholesterol and mucin. In all farm animals 
except the horse, bile is stored in the gall bladder until required. The bile salts play 
an important part in digestion by activating pancreatic lipase and emulsifying fats. 
The daily requirement for bile acids is greater than the synthetic capacity of the 
liver, and an enterohepatic circulation exists to maintain the supply. 

The pancreas is a gland that lies in the duodenal loop and has two secretory func- 
tions: the endocrine process for the production of insulin and the exocrine process for 
the production of digestive enzymes (from the acinar cells), water and electrolytes 
(from the duct cells), which together form the pancreatic juice, which is secreted into 
the duodenum through the pancreatic duct. The proportions of the different enzymes 
change in response to the nature of the diet. 

A number of factors induce the pancreas to secrete its juice into the duodenum. 
When acid enters the duodenum, the hormone secretin is liberated from the epithelium 
of the small intestine into the blood. When it reaches the pancreatic circulation, 
secretin stimulates the pancreatic cells to secrete a watery fluid containing a high 
concentration of bicarbonate ions but very little enzyme. Another hormone, chole- 
cystokinin (pancreozymin), is also liberated from the mucosa when peptides and 
other digestive products reach the duodenum. This hormone stimulates the secretion 
into the pancreatic juice of proenzymes and enzymes such as trypsinogen, chy- 
motrypsinogen, procarboxypeptidases A and B, proelastase, a-amylase, lipase, lecithi- 
nases and nucleases. Unlike pepsin, these enzymes have pH optima around 7-9. 
The inactive zymogen trypsinogen is converted to the active trypsin by enteroki- 
nase, an enzyme liberated from the duodenal mucosa. This activation is also catal- 
ysed by trypsin itself, thus constituting an autocatalytic reaction. The activation 
process results in the liberation of a hexapeptide from the amino terminal end of 
trypsinogen. Trypsin is very specific and acts only upon peptide linkages involving 
the carboxyl groups of lysine and arginine. Trypsin also converts chymotrypsinogen 
into the active enzyme chymotrypsin, which has a specificity towards peptide bonds 
involving the carboxyl groups of tyrosine, tryptophan, phenylalanine and leucine. 
Procarboxypeptidases are converted by trypsin into the proteolytic enzymes car- 
boxypeptidases, which attack the peptides from the end of the chain, splitting off the 
terminal amino acid, which has a free a-carboxyl] group. Such an enzyme is classified 
as an exopeptidase, as distinct from trypsin and chymotrypsin, which attack peptide 
bonds in the interior of the molecule and which are known as endopeptidases. 

Pancreatic a-amylase is similar in function to the salivary amylase and attacks the 
a-(1—4)-glucan links in starch and glycogen. 

The breakdown of fats is achieved by pancreatic lipase. This enzyme does not com- 
pletely hydrolyse triacylglycerols and the action stops at the monoacylglycerol stage. 

Dietary fat leaves the stomach in the form of relatively large globules that are 
difficult to hydrolyse rapidly. Fat hydrolysis is helped by emulsification, which is 
brought about by the action of bile salts. These bile salts are detergents or am- 
phipaths, the sterol nucleus being lipid-soluble and the hydroxyl] groups and ionised 
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conjugate of glycine or taurine being water-soluble (see p. 50). These amphipaths, in 
addition to being emulsifying agents, also have the property of being able to aggre- 
gate together to form micelles. Although triacylglycerols are insoluble in these mi- 
celles, monoacylglycerols and most fatty acids dissolve, forming mixed micelles. 
Some fatty acids, e.g. stearic acid, are not readily soluble in pure bile salt micelles 
but dissolve in mixed micelles. 

Lecithinase A is an enzyme that hydrolyses the bond linking the fatty acid to the 
B-hydroxyl group of lecithin (see p. 45). The product formed from this hydrolysis, 
lysolecithin, is further hydrolysed by lysolecithinase (lecithinase B) to form glyc- 
erolphosphocholine and a fatty acid. Cholesterol esterase catalyses the splitting of 
cholesterol esters. 

The nucleic acids DNA and RNA (see p. 64) are hydrolysed by the polynucleoti- 
dases deoxyribonuclease (DNase) and ribonuclease (RNase), respectively. These en- 
zymes catalyse the cleavage of the ester bonds between the sugar and phosphoric 
acid in the nucleic acids. The end products are the component nucleotides. Nucleosi- 
dases attack the linkage between the sugar and the nitrogenous bases, liberating the 
free purines and pyrimidines. Phosphatases complete the hydrolysis by separating 
the orthophosphoric acid from the ribose or deoxyribose. 

The hydrolysis of oligosaccharides to monosaccharides and of small peptides to 
amino acids is brought about by enzymes associated with the intestinal villi. Only a 
small proportion of hydrolysis occurs intraluminally and arises from enzymes present 
in aged cells discarded from the intestinal mucosa. Most of the enzymatic hydrolysis 
occurs at the luminal surface of the epithelial cells, although some peptides are ab- 
sorbed by the cells before being broken down by enzymes present in the cytoplasm. 

Enzymes produced by the villi are sucrase, which converts sucrose to glucose and 
fructose; maltase, which breaks down maltose to two molecules of glucose; lactase, 
which hydrolyses lactose to one molecule of glucose and one of galactose; and oligo- 
1,6-glucosidase, which attacks the a-(1— 6) links in limit dextrins. Aminopeptidases 
act on the peptide bond adjacent to the free amino group of simple peptides, 
whereas dipeptidases complete the breakdown of dipeptides to amino acids. 

Although the large intestine is recognised as the site of major microbial fermenta- 
tion (see below), there is a microbial population in the small intestine. Recent work 
with sugar beet pulp given to pigs fitted with ileal cannulae showed that a large pro- 
portion (47 per cent) of the neutral detergent fibre fraction was digested before the 
terminal ileum. This breakdown is the result of microbial activity in the stomach and 
small intestine and acid hydrolysis of some of the fibre fractions. 


Digestion in the large intestine 


The main site of absorption of digested nutrients is the small intestine; by the time the 
food material has reached the entrance to the colon, most of the hydrolysed nutrients 
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have been absorbed. With normal diets there is always a certain amount of material that 
is resistant to the action of the enzymes secreted into the alimentary canal. The large 
intestine plays an important role in the retrieval of nutrients, electrolytes and water in 
the digesta. Pigs have a short caecum and long colon compared with other monogastric 
omnivores. The mucosal surface does not have villi, as in the small intestine, but there 
are small projections that increase the surface area. As the ileal contents enter the large 
intestine, the fluid and fine particles are preferentially retained by the ascending colon, 
whereas the coarser particles move distally at a faster rate. Cellulose and many of the 
hemicelluloses are not attacked by any of the enzymes present in the digestive secre- 
tions of the pig. In addition certain starches, such as raw potato starch, are resistant to 
hydrolysis by amylase. Lignin is known to be completely unaffected and is thus indi- 
gestible. It is also conceivable that lignified tissues may trap proteins and carbohydrates 
and protect them from the action of digestive enzymes. The glands of the large intestine 
are mainly mucous glands, which do not produce enzymes, and digestion in the large 
intestine is therefore brought about by enzymes that have been carried down in the 
food from the upper part of the tract, or it occurs as a result of microbial activity. 

Extensive microbial activity occurs in the large intestine, especially the caecum. 
Here the slow rate of passage and abundant nutrient sources encourage the prolific 
growth of bacteria. There is a complex population of aerobic and obligate anaerobic 
bacteria, including lactobacilli, streptococci, coliforms, bacteroides, clostridia and 
yeasts. These metabolise a wide range of nitrogen and carbohydrate sources from both 
dietary and endogenous residues, resulting in the formation of a number of products, 
including indole, skatole, phenol, hydrogen sulphide, amines, ammonia and the 
volatile fatty acids (acetic, propionic and butyric). As with the rumen bacteria, the rel- 
ative numbers of the species change in response to the material available for fermenta- 
tion. More volatile fatty acids are produced from the finer particles as they have a 
larger surface area for attack by the bacteria. The digestion of cellulose and other 
higher polysaccharides is nevertheless small compared with that taking place in the 
horse and ruminants, which have digestive systems adapted to deal with fibrous foods. 
With conventional pig diets, microbial fermentation accounts for 8-16 per cent of the 
organic matter disappearing from the gastrointestinal tract. The products of microbial 
breakdown of polysaccharides are not sugars but are mainly the volatile fatty acids 
listed above. Lactic acid can be produced under some circumstances. The volatile fatty 
acids are absorbed and contribute to the energy supply of the pig. 

Bacterial action in the large intestine may have a beneficial effect owing to the 
synthesis of some of the B vitamins, which may be absorbed and utilised by the host. 
Synthesis of most of the vitamins in the digestive tract of the pig is, however, insuffi- 
cient to meet the daily requirements and a dietary source is needed. 

The waste material, or faeces, voided from the large intestine via the anus consists 
of water, undigested food residues, digestive secretions, epithelial cells from the 
tract, inorganic salts, bacteria and products of microbial decomposition. 


Digestion in the young pig 


From birth until about the age of 5 weeks the concentration and activity of many diges- 
tive secretions in the young pig are different from those in the adult animal. During 
the first few days after birth the intestine is permeable to native proteins. In the 
young pig, as in other farm animals, this is essential for the transfer of y-globulins 
(antibodies) via the mother’s milk to the newborn animal. The ability of the young 
pig to absorb these proteins declines rapidly and is low by 24 hours postpartum. 
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Table 8.2 Weight of disaccharide hydrolysed per kilogram body weight per hour 
by small intestine enzymes in young pigs 


Lactose (g) Sucrose (g) Maltose (g) 
Newborn 5.9 0.06 0.3 
5 weeks 0.8 1.3 2.5 


The piglet stomach initially produces only a limited amount of hydrochloric acid 
and pepsinogen, but it does secrete chymosin. This operates at pH 3.5 to break the 
peptide bonds between phenylalanine and methionine in casein. It clots milk, 
thereby avoiding flooding the small intestine with nutrients. As the piglet develops, 
pepsinogen and hydrochloric acid secretion increases. Table 8.2 shows the activity of 
some of the important carbohydrases in the young pig. 

The activity of lactase is high at birth and reaches a maximum in the first week of life 
and then slowly declines over the third or fourth week. Maltase activity increases from 
the fourth week, while sucrase reaches a constant level between weeks 4 and 8. The 
activity of a-amylase is present at birth but remains low until about 4 weeks of age. 

These differences in enzyme activities are of special significance where piglets are 
reared on early weaning diets. If young pigs are weaned at 14 days of age, their diet, 
especially regarding the types of carbohydrate, should be different from that for an- 
imals weaned later. Early weaning mixtures usually include a high proportion of 
dried milk products containing lactose. For later weaning at 3-4 weeks, cooked 
cereals are included in the diet, since raw starch is incompletely digested in the small 
intestine and passes to the large intestine, where it is fermented by bacteria, causing 
diarrhoea. 


Digestion in the fowl 


The enzymes present in the digestive secretions of the fowl are similar to those of 
mammals, although lactase has not been detected. However, the digestive tract of 
the fowl differs in a number of respects from that of the pig (see Fig. 8.2). In the fowl, 
the lips and cheeks are replaced by the beak, the teeth being absent. Taste is limited, 
the taste buds being located on the back half of the tongue and the adjacent phar- 
ynx. The crop is a diverticulum of the oesophagus, situated about two-thirds down its 
length and just before its entry into the thorax. It is a pear-shaped sac formed as a 
single lobe whose main function is to act as a reservoir for holding food. It is filled 
and emptied by peristalsis. The crop wall does not have mucus-secreting glands. It is 
not essential to the bird, but its presence gives more flexibility in feeding activity. 
Salivary amylase is known to occur in the fowl, and the action of this enzyme on 
starch continues in the crop. In addition, microbial activity occurs there during the 
storage of food. Lactobacilli predominate, adhering to the crop wall. The major prod- 
ucts of fermentation are lactic and acetic acids. 

The oesophagus terminates at the proventriculus or glandular stomach. This pro- 
duces hydrochloric acid and pepsinogen. The proventriculus has minimal inherent 
motility and food passes through as a result of oesophageal contractions. It leads to 
the gizzard, a muscular organ with internal ridges that undergoes rhythmic contractions 
and grinds the food, with moisture, into a smooth paste. The gizzard wall produces 
koilin, a protein—polysaccharide complex similar in its amino acid composition to 
keratin, which hardens in the presence of hydrochloric acid. Digesta particles pass to 
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Fig. 8.2 Diagrammatic representation of the digestive tract of the fowl. 


Source: After Moran E T Jr — See Further Reading 


the small intestine when ground sufficiently; reflux of intestinal digesta into the giz- 
zard can also occur. The presence of grit in the gizzard, although not essential, has 
been shown to increase the breakdown of whole grains by about 10 per cent. Prote- 
olysis occurs in the lumen of the gizzard. Thus, the proventriculus and gizzard are 
equivalent in function to the mammalian stomach. 

The duodenum encloses the pancreas as in mammals. In the fowl, the three pan- 
creatic and two bile ducts (one from the gall bladder and one from the right lobe of 
the liver) open into the intestine at the termination of the duodenum. The arrange- 
ment and number of ducts differ among fowls, geese and turkeys. 

The pancreatic juice of fowls contains the same enzymes as the mammalian secre- 
tion, and the digestion of proteins, fats and carbohydrates in the small intestine is be- 
lieved to be similar to that occurring in the pig. The intestinal mucosa produces 
mucin, a-amylase, maltase, sucrase and proteolytic enzymes. 

Unlike young pigs, chicks have maltase and sucrase activities in their small intes- 
tine and, since they perform well on diets containing uncooked cereals, it can be 
assumed that they possess satisfactory amylase activity. 

Where the small intestine joins the large intestine, there are two long blind sacs 
known as the caeca. These function as absorptive organs but are not essential to the 
fowl, since surgical removal causes no harmful effects. There are bacteria associated 
with the mucosal surface of the caeca, and peristaltic activity mixes these with the 
digesta and leads to its fermentation, with the production of volatile fatty acids. 
Experiments with adult fowls indicate that the cellulose present in cereal grains is not 
broken down by microbial activity to any great extent during its passage through the 
digestive tract, although some hemicellulose breakdown occurs. Similarly with geese, 
ligation of the caeca does not alter crude fibre digestibility and so it is unlikely that 
the volatile fatty acids make a large contribution to satisfying the energy require- 
ment of poultry. 

The caeca empty by peristaltic contraction into the relatively short colon, whose 
main function is the transport of digesta to its termination at the cloaca. The cloaca, 
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from which faeces and urine are excreted together, combines the function of the rec- 
tum and bladder. 


Digestion in the dog and cat 


Dogs and cats are predominantly carnivores. The cat is the stricter carnivore 
whereas the dog is more adaptable and omnivorous. In the natural state their food 
is comprised mainly of fat and protein, with little carbohydrate. As a consequence, 
the digestive tract of the dog and cat is simpler than that of the pig, with empha- 
sis on digestion in the stomach and small intestine and a short large intestine 
(Fig. 8.3). 

The saliva of dogs and cats has no a-amylase activity, as the natural diet is low in 
starch.The dog eats large meals and the stomach expands to provide temporary stor- 
age of food, but this is less important in the cat, which eats small meals. The stomach 
secretes gastric lipase and pepsin, and the quantity of secretion is influenced by the 
amount of protein in the food and the volume of the meal. Pepsin is most active when 
the animal has ingested collagen and is important for the digestion of meat and, in view 
of this, is more important in the cat. In dogs, gastric juice has antibacterial activity. 
The large intestine accounts for only about 8 per cent of the total digestion of food in 
the dog, depending on the diet. The proportion is increased with diets containing 
legumes and resistant starch. Similar to the pig, young dogs and cats are less efficient 
in digesting solid food than older animals. 
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Fig. 8.3 Diagrammatic representation of the digestive tract of the dog. 


Source: After Stevens C E and Hume | D 1995 Comparative Physiology of the Vertebrate Digestive System, 
2nd edn, Cambridge, Cambridge University Press. 


Digestion in monogastric mammals 


Pre-caecal digestion in the horse 


The horse is a non-ruminant herbivore, having a simple monogastric digestive tract 
similar to that of the pig but with a much enlarged hind gut (especially the caecum), 
which contains a microbial population (Fig. 8.4). 

The small intestine is the main site for the digestion of non-fibrous carbohydrate, 
protein and fat, and the microbes in the large intestine ferment fibrous materials, as 
in the ruminant (see p. 171). Thus, unlike the ruminant, the horse has enzymic diges- 
tion before microbial fermentation, and it falls between the pig and the ruminant in 
its ability to digest fibrous foods. The horse spends a long time chewing its food, dur- 
ing which copious amounts of mucus-containing saliva are added to ease swallowing. 
The saliva has no digestive enzyme activity but does contain bicarbonate, which 
buffers the swallowed digesta in the proximal region of the stomach. The stomach is 
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Fig. 8.4 Diagrammatic representation of the digestive tract of the horse. 


Source: After Colemann R Basic Horse Nutrition, www.ca.uky.edu/agc/pubs/asc/asc1 14/asc114.htm 
accessed on 06/08/09. 
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relatively small, being only about 10 per cent of the total gastrointestinal tract, and 
is suited to frequent consumption of small quantities of food. Its major role is to reg- 
ulate the flow of digesta to the small intestine, ensuring efficient digestion there. The 
stomach is rarely empty and the retention time of digesta in the stomach is short 
(2—6 hours), particularly in the grazing horse. There is limited microbial fermentation 
in the oesophageal and fundic regions of the stomach, with the production of lactic 
acid. Towards the pyloric region hydrochloric acid is added and the pH of the digesta 
falls. The small intestine represents about 30 per cent of the volume of the gastro- 
intestinal tract and 75 per cent of its length, and movement of digesta through it is 
rapid. It is the main site of digestion of protein to amino acids and their absorption. 
Soluble carbohydrates, such as starches and sugars, are exposed to pancreatic amy- 
lase and a-glucosidase secreted by the cells in the wall of the small intestine. Amy- 
lase activity is low compared with that of the pig and may limit the rate of digestion 
of starches, allowing some starches to reach the large intestine if given in large quan- 
tities. The disaccharidase activity is similar to that in the pig. The horse has no gall 
bladder and thus cannot store bile: the presence of hydrochloric acid in the duode- 
num causes stimulation of bile secretion from the liver. The lack of a gall bladder 
does not seem to affect the digestion of fat. It is not certain whether the pancreatic 
secretions have lipase activity. The remaining undigested material then passes to the 
large intestine and is exposed to microbial fermentation (see p. 186). Despite the 
rapid transit of digesta through the small intestine, digestion and absorption are usu- 
ally efficient and the composition of the material entering the large intestine is fairly 
uniform. This is important for the correct functioning of the large intestine, and in- 
stances of disturbance often result from inefficient digestion in the small intestine. 


Absorption of digested nutrients 


The main organ for the absorption of dietary nutrients by the monogastric mammal 
is the small intestine. This part of the tract is specially adapted for absorption because 
its inner surface area is increased by folding and the presence of villi. Although the 
duodenum has villi, this is primarily a mixing and neutralising site, and the jejunum 
is the major absorptive site. Absorption of a nutrient from the lumen of the intestine 
can take place by passive transport, involving simple diffusion, provided there is a 
high concentration of the nutrient outside the cell and a low concentration inside. 
The vascular system in the villi is arranged so that the concentration gradient is max- 
imised. Nutrients such as monosaccharides, amino acids and small peptides are ab- 
sorbed at a faster rate than can be accounted for by passive diffusion. The absorption 
of such molecules is aided by specific carrier transport systems in which carrier pro- 
teins reversibly bind to and transfer the nutrient across the brush border and basolat- 
eral membranes of the epithelial cells. The transfer may be by facilitative transport, 
in which the carrier transports the molecule down its concentration gradient. Alter- 
natively, absorption may be by a process of active transport (or co-transport). Here, 
the carrier has two specific binding sites and the organic nutrient is attached to one 
of these while the other site picks up a sodium ion (in the case of monosaccharides 
and amino acids) or a hydrogen ion (in the case of dipeptides). The sodium or hydro- 
gen ion travels down the chemical gradient and the loaded carrier thus moves across 
the intestinal membrane and deposits the organic nutrient and the sodium or hydro- 
gen inside the cell. The empty carrier then returns across the membrane, free to pick 
up more nutrients. The sodium ion is actively pumped back to the lumen by Na*/Kt 
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transporting ATPase. In the case of the dipeptide carrier, the hydrogen ion gradient is 
maintained by a system involving Na‘ and H*, which generates an acidic microcli- 
mate on the small intestine surface. A number of different carriers are thought to 
exist, although some may carry more than one nutrient; for example, xylose can be 
bound by the same carrier as glucose. The carrier proteins are large complex mole- 
cules and have binding sites for specific nutrients or related groups of nutrients. The 
molecular weight can exceed 50 000 and the sodium-linked glucose transporter is 
made up of 664 amino acid residues (or molecules). 

Since there are costs to the animal in synthesising and maintaining the carrier 
proteins, it would be inefficient to maintain a specific level of carrier when the sub- 
strate is not present. On the other hand, if insufficient carrier is available, the trans- 
port pathway will limit the assimilation of nutrients. Therefore, the carrier proteins 
are regulated and show adaptation to the level of nutrient present in the gut. 

A third method of absorption is by pinocytosis ‘cell drinking’, in which cells have 
the capacity to engulf large molecules in solution or suspension. Such a process is 
particularly important in many newborn suckled mammals in which immunoglobu- 
lins present in colostrum are absorbed intact. 


Carbohydrates 


The digestion of carbohydrates by enzymes secreted by the pig and other monogas- 
tric animals results in the production of monosaccharides. The formation of these 
simple sugars from disaccharides takes place on the surface of the microvillus mem- 
brane. The aldoses, such as glucose, are actively transported across the cell after at- 
tachment to the specific carrier and carried by the portal blood systems to the liver. 
The mechanism for the absorption of ketoses is unclear, although the existence of a 
facilitative carrier for fructose has been established. The rates of absorption of various 
sugars differ. At equal concentrations, galactose, glucose, fructose, mannose, xylose 
and arabinose are absorbed in decreasing order of magnitude. 


Fats 


After digestion fats are present in the small intestine in the solubilised form of mixed 
micelles. Efficient absorption requires a rapid movement of the highly hydrophobic 
molecule through the unstirred water layer adjacent to the mucosa. This is the rate- 
limiting stage of absorption. The mixed bile salt micelles, with their hydrophilic groups, 
aid this process. Absorption across the brush border membrane of the intestinal cells is 
by passive diffusion and is at its maximum in the jejunum. The bile salts are absorbed 
by an active process in the distal ileum. Following absorption there is a resynthesis of 
triacyglycerols, a process that requires energy, and they are formed into chylomicrons 
(minute fat droplets), which then pass into the lacteals of the villi, enter the thoracic 
duct and join the general circulation. Medium- and short-chain fatty acids, such as 
those occurring in butterfat, require neither bile salts nor micelle formation as they can 
be absorbed very rapidly from the lumen of the intestine directly into the portal blood- 
stream. The entry of these fatty acids is sodium-dependent and takes place against a 
concentration gradient by active transport. In fowls, the lymphatic system is negligible 
and most of the fat is transported in the portal blood as low-density lipoproteins. 


Proteins 


The products of protein digestion in the lumen of the intestine are free amino acids 
and small (oligo-) peptides. The latter enter the epithelial cells of the small intestine 
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where, in the main, they are hydrolysed by specific di- and tripeptidases. However, 
some small peptides are absorbed intact and subsequently appear in the portal 
blood. The amino acids, which subsequently pass into the portal blood and thence to 
the liver, are absorbed from the small intestine by an active transport mechanism, 
which in most cases is sodium-dependent. In the case of glycine, proline and lysine, 
the sodium molecule is unnecessary. Several systems have been described for amino 
acid transfer, and these can be classified into four main groups. One is concerned 
with the transfer of neutral amino acids and separate carriers transfer dicarboxylic 
and basic amino acids. In addition, there is a fourth system for the movement of the 
imino acids and glycine. These mechanisms, however, are not completely rigid and 
some amino acids can be transferred by more than one system. The rates of absorp- 
tion of the amino acids differ; for example, the rate is higher for methionine than 
valine, which in turn is higher than that for threonine. 

Reference has already been made to the absorption of intact proteins, such as 
immunoglobulins, in the newborn animal by pinocytosis. 


Minerals 


Absorption of mineral elements is either by simple diffusion or by carrier-mediated 
transport. The exact mechanisms for all minerals have not been established, but the 
absorption of calcium, for example, is regulated by 1,25-dehydroxycholecalciferol 
(see p. 80). Low alimentary pH favours calcium absorption, but absorption is inhib- 
ited by a number of dietary factors such as the presence of oxalates and phytates. An 
excess of either calcium or phosphorus interferes with the absorption of the other. 
The absorption of calcium is also influenced by the requirements of the animal. For 
example, the absorption of calcium from the digestive tract of laying hens is much 
greater when shell formation is in progress than when the shell gland is inactive. 

The absorption of iron is to a large extent independent of the dietary source. The 
animal has difficulty in excreting iron from the body in any quantity, and a method 
exists for regulating iron absorption to prevent excessive amounts entering the body 
(see p. 122). In adults the absorption of the element is generally low, but after severe 
bleeding and during pregnancy the requirement for iron is increased so that absorp- 
tion of the element is also increased. Anaemia due to iron deficiency may, however, 
develop on low-iron diets. Experiments carried out with dogs have shown that the 
absorption of iron by anaemic animals may be 20 times as great as that by normal 
healthy dogs. 

Another example of the mechanism of mineral absorption is shown by zinc. This 
mineral is absorbed through the small intestine by a carrier-mediated process, with 
uptake at the brush border membrane being the rate-limiting step. In rats and hu- 
mans, the carrier becomes saturated at levels of zinc below that normally seen in the 
diet, and zinc uptake from aqueous solutions above this saturation level is by passive 
diffusion. Calcium is believed to inhibit the absorption of zinc. 

It is thought that iodine in organic combination is less well absorbed than the in- 
organic form. Plants contain a higher proportion of inorganic iodide than do foods of 
animal origin. 


Vitamins 


The fat-soluble vitamins A, D, E and K pass through the intestinal mucosa mainly by 
the same passive diffusion mechanism as for fats. Within the cells they may combine 
with proteins and enter the general circulation as lipoproteins. 
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Vitamin À is more readily absorbed from the digestive tract than its precursor 
carotene, although it is thought that vitamin A esters must first be hydrolysed by an 
esterase to the alcohol form before being absorbed. Phytosterols are poorly absorbed, 
and it is generally considered that unless ergosterol has been irradiated to vitamin 
D> before ingestion it cannot be absorbed from the tract in any quantity. 

Water-soluble vitamins are believed to be absorbed both by simple diffusion and 
by carrier-mediated transport, which is sodium-dependent. Vitamin B6 is absorbed by 
passive diffusion, mainly in the small intestine, and the amount absorbed is related 
linearly to the amount in the digesta. The importance of a carrier glycoprotein (intrin- 
sic factor) for the absorption of vitamin B42 has already been stressed (see p. 98). 


Detoxification in the alimentary tract 


Many food constituents are potentially toxic to the animal consuming them. Micro- 
bial contaminants are an obvious example; the digestive enzymes kill many bacteria, 
but some organisms may damage the gut, which allows them or the toxins they pro- 
duce to invade the animal’s tissues. Foreign proteins, especially those with endocrine 
activity, could harm the animal if absorbed, but the gut provides an effective barrier 
to prevent their absorption before they are hydrolysed. The same is true of nucleic 
acids (whose breakdown is a matter of concern, as some animal foods may now be 
derived from genetically modified plants). Some of the toxic constituents of pasture 
plants are broken down in the rumen of cattle, sheep and goats (see p. 494). As men- 
tioned above, the animal body avoids excessive intake of the mineral elements cal- 
cium and iron by selective absorption. 

Some larger molecules are able to bypass the barrier presented by the gut. This 
may be desirable in some instances (e.g. absorption of protein antibodies in the new- 
born animal and absorption of antibiotics administered orally), but undesirable in 
others (e.g. apparent absorption of the proteins known as prions, which are responsi- 
ble for bovine spongiform encephalopathy; see p. 579). 


MICROBIAL DIGESTION IN RUMINANTS 
AND OTHER HERBIVORES 


The foods of ruminants, forages and fibrous roughages, consist mainly of B-linked 
polysaccharides such as cellulose, which cannot be broken down by mammalian di- 
gestive enzymes. Ruminants have therefore evolved a special system of digestion 
that involves microbial fermentation of food before its exposure to their own diges- 
tive enzymes. This part of the chapter describes the anatomical and physiological 
adaptations of the ruminant that facilitate microbial digestion, and outlines the 
biochemistry of this form of digestion and its nutritional consequences. Herbivores 
other than ruminants, such as the horse, have adopted systems of microbial digestion 
that differ from those of ruminants, and these will be briefly described. 


Anatomy and physiology of ruminant digestion 


The stomach of the ruminant is divided into four compartments (Fig. 8.5). In the 
young suckling, the first two compartments, the rumen and its continuation the retic- 
ulum, are relatively undeveloped, and milk, on reaching the stomach, is channelled 
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Fig. 8.5 Diagrammatic representation of the rumen, reticulum, omasum and 
abomasum of the ruminant, indicating the flow of digesta. 


Source: After Annison E F and Lewis D 1959 Metabolism in the Rumen, London, Methuen and Co. 


by a tube-like fold of tissue, known as the oesophageal or reticular groove, directly 
to the third and fourth compartments, the omasum and abomasum. As the calf or 
lamb begins to eat solid food, the first two compartments (often considered together 
as the reticulo-rumen) enlarge greatly, until in the adult they comprise 85 per cent of 
the total capacity of the stomach. The consumption of fibrous foods, such as straw 
and hay, stimulates the enlargement of the reticulum. The fermentation of food by 
microbes in the rumen produces volatile fatty acids (see p. 176) and these, particu- 
larly butyric acid from the fermentation of concentrates such as cereals, encourage 
the formation of papillae on the rumen wall. Papillae are small finger-like projections 
that increase the surface area for the absorption of nutrients. Thus, a combination of 
fibrous and starchy foods encourages the development of the rumen and assists the 
weaning process. In the adult, the oesophageal groove does not function under nor- 
mal feeding conditions, and both food and water pass into the reticulo-rumen. How- 
ever, the reflex closure of the groove to form a channel can be stimulated even in 
adults, particularly if they are allowed to drink from a teat. 

Ruminant teeth and chewing actions are adapted for the efficient comminution of 
fibrous foods. The cheek teeth are large and form an extensive grinding surface with 
many ridges, which are resistant to wear. The distance between the right and left 
teeth in the lower jaw is less than that in the upper jaw, so that when the jaws are 
closed centrally only a narrow strip of the lower and upper teeth are in contact. Dur- 
ing chewing, the ruminant employs lateral jaw movements, which involve the teeth 
on only one side at a time. Powerful muscles move the jaw in three phases - first the 
jaw is dropped, second it is moved laterally to one side on which chewing will occur, 
and finally it is vigorously carried up and inwards, engaging the teeth in a grinding 
fashion. The food is diluted with copious amounts of saliva, first during eating and 
again during rumination: typical quantities of saliva produced per day are 1501 in 
cattle and 10 1 in sheep. Rumen contents contain 850-930 g water/kg on average, but 
they often exist in two phases: a lower liquid phase, in which the finer food particles 
are suspended, and a drier upper layer of coarser solid material. The breakdown of 
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Íood is accomplished partly by physical and partly by chemical means. The contents 
of the rumen are continually mixed by the rhythmic contractions of its walls, and 
during rumination material at the anterior end is drawn back into the oesophagus 
and returned by a wave of contraction to the mouth. Any liquid is rapidly swallowed 
again, but coarser material is thoroughly chewed before being returned to the 
rumen. The major factor inducing the animal to ruminate is probably the tactile stim- 
ulation of the epithelium of the anterior rumen; some diets, notably those containing 
little or no coarse roughage, may fail to provide sufficient stimulation for rumination. 
The time spent by the animal in rumination depends on the fibre content of the food. 
In grazing cattle it is commonly about 8 hours per day, or about equal to the time 
spent in grazing. Each bolus of food regurgitated is chewed 40-50 times and thus re- 
ceives a much more thorough mastication than during eating. 

The reticulo-rumen provides a continuous culture system for anaerobic bacteria, 
protozoa and fungi. Food and water enter the rumen and the food is partially fer- 
mented to yield principally volatile fatty acids, microbial cells and the gases 
methane and carbon dioxide. The gases are lost by eructation (belching) and the 
volatile fatty acids are mainly absorbed through the rumen wall. The microbial cells, 
together with undegraded food components, pass to the abomasum and small intes- 
tine; there they are digested by enzymes secreted by the host animal, and the prod- 
ucts of digestion are absorbed. In the large intestine there is a second phase of 
microbial digestion. The volatile fatty acids produced in the large intestine are 
absorbed, but microbial cells are excreted — with undigested food components — in 
the faeces. 

Like other continuous culture systems, the rumen requires a number of homeosta- 
tic mechanisms. The acids produced by fermentation are theoretically capable of re- 
ducing the pH of rumen liquor to 2.5-3.0, but under normal conditions the pH is 
maintained at 5.5-6.5. Phosphate and bicarbonate contained in the saliva act as 
buffers; in addition, the rapid absorption of the acids (and also of ammonia; see below) 
helps to stabilise the pH. The osmotic pressure of rumen contents is kept near that of 
blood by the flux of ions between them. Oxygen entering with the food is quickly used 
up and anaerobiosis is maintained. In the absence of oxygen, carbon is the ultimate ac- 
ceptor of hydrogen ions, hence the formation of methane. The temperature of rumen 
liquor remains close to that of the animal (38-42 °C). Finally, the undigested compo- 
nents of the food, together with soluble nutrients and bacteria, are eventually removed 
from the rumen by the passage of digesta through the reticulo-omasal orifice. 


Rumen microorganisms 


The bacteria number 107-10" per millilitre of rumen contents. Over 200 species 
have been identified, and for descriptions of them the reader is referred to the works 
listed at the end of this chapter. Most of these bacteria are non-spore-forming anaer- 
obes. Table 8.3 lists a number of the more important species and indicates the sub- 
strate they utilise and the products of the fermentation. This information is based on 
studies of isolated species in vitro and is not completely applicable in vivo. For ex- 
ample, it appears from Table 8.3 that succinic acid is an important end product, but in 
practice this is converted into propionic acid by other bacteria such as Selenomonas 
ruminantium (see Fig. 8.6); such interactions between microorganisms are an impor- 
tant feature of rumen fermentation. A further point is that the activities of a given 
species of bacteria may vary from one strain of that species to another. The total 
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Table 8.3 Typical rumen bacteria, their energy sources and fermentation products in vitro 


Species Description Typical Typical fermentation products (excluding gases) Alternative 
energy Acetic Propionic Butyric Lactic Succinic Formic energy 
sources sources 

Fibrobacter Gram-negative Cellulose + + + Glucose 

succinogenes rods (starch) 

Ruminococcus Catalase-negative Cellulose + + g H Xylan 

flavefaciens streptococci with 
yellow colonies 

Ruminococcus Single or paired Cellobiose + + Xylan 

albus cocci 

Streptococcus Gram-positive, Starch Ë: Glucose 

bovis short chains of 
cocci, capsulated 

Prevotella Gram-negative, Glucose + + tis Xylan, 

ruminicola oval or rod starch 

Megasphaera Large cocci, Lactate Glucose, 

elsdenti paired or in glycerol 
chains 

Lachnospira Gram-positive Pectins Ë + Glucose, 

multipara curved rods fructose 
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number of bacteria and the relative population of individual species vary with the 
animal’s diet; for example, diets rich in concentrate foods promote high total counts 
and encourage the proliferation of lactobacilli. 

Protozoa are present in much smaller numbers (10°/ml) than bacteria but, being 
larger, may equal the latter in total mass. Over 100 species have been identified in 
the rumen. In adult animals, most of the protozoa are ciliates belonging to two fam- 
ilies. The Isotrichidae, commonly called the holotrichs, are ovoid organisms covered 
with cilia; they include the genera Isotricha and Dasytricha. The Ophryoscolecidae, 
or oligotrichs, include many species that vary considerably in size, shape and 
appearance; they include the genera Entodinium, Diplodinium, Epidinium and 
Ophryoscolex. The oligotrichs can ingest food particles and cannot utilise cellulose. 
A normal rumen flora (bacteria) and fauna (protozoa) is established quite early in 
life, as early as 6 weeks of age in calves. 

The fungi of the rumen have been studied for less than the other microorganisms, 
and their place in the rumen ecosystem has yet to be fully characterised. They are 
strictly anaerobic, and their lifecycle includes a motile phase (as a zoospore) and a 
vegetative phase (sporangium). During the latter phase they become attached to 
food particles by rhizoids, which can penetrate cell walls. At least 12 species or 
strains have been identified, typically those belonging to the genus Neocallimastix. 
The rumen fungi are capable of utilising most polysaccharides and many soluble sug- 
ars; some carbohydrates not used by these fungi are pectin, polygalacturonic acid, 
arabinose, fucose, mannose and galactose. The contribution of the rumen fungi to the 
fermentation of food has not yet been quantified, but it is known that they are most 
numerous (constituting 10 per cent of the microbial biomass) when diets are rich in 
fibre (i.e. not cereal diets or young pasture herbage). 
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The rumen microorganisms can be envisaged as operating together, as so-called 
consortia, to attack and break down foods. Some, like the fungi, are capable of in- 
vading and colonising plant tissues; others follow up to ferment the spoils of the in- 
vasion. Detailed studies, including some involving electron micrography, have shown 
that 75 per cent of rumen bacteria are attached to food particles. 

As the microbial mass synthesised in the rumen provides about 20 per cent of the 
nutrients absorbed by the host animal, the composition of microorganisms is impor- 
tant. The bacterial dry matter contains about 100 g nitrogen/kg, but only 80 per cent 
of this is in the form of amino acids, the remaining 20 per cent being present as 
nucleic acid nitrogen. Moreover, some of the amino acids are contained in the pepti- 
doglycan of the cell wall membrane and are not digested by the host animal. 


Digestion of carbohydrates 


The diet of the ruminant contains considerable quantities of cellulose, hemicellu- 
loses, starch and water-soluble carbohydrates that are mainly in the form of fructans. 
Thus, in young pasture herbage, which is frequently the sole food of the ruminant, 
each kilogram of dry matter may contain about 400 g cellulose and hemicelluloses, 
and 200 g of water-soluble carbohydrates. In mature herbage, and in hay and straw, 
the proportion of cellulose and hemicelluloses is much higher, and that of water- 
soluble carbohydrates is much lower. The B-linked carbohydrates are associated with 
lignin, which may comprise 20-120 g/kg DM. All the carbohydrates, but not lignin, 
are attacked by the rumen microorganisms; the principal bacterial species involved 
(see Table 8.3) are Fibrobacter succinogenes and the Ruminococci, and the fungi are 
also thought to play an important role. 

The breakdown of carbohydrates in the rumen may be divided into two stages, 
the first of which is the digestion of complex carbohydrates to simple sugars. This is 
brought about by extracellular microbial enzymes and is thus analogous to the diges- 
tion of carbohydrates in non-ruminants. Cellulose is decomposed by one or more B- 
1,4-glucosidases to cellobiose, which is then converted either to glucose or, through 
the action of a phosphorylase, to glucose-1-phosphate. Starch and dextrins are first 
converted by amylases to maltose and isomaltose and then by maltases, maltose 
phosphorylases or 1,6-glucosidases to glucose or glucose-1-phosphate. Fructans are 
hydrolysed by enzymes attacking 2,1 and 2,6 linkages to give fructose, which may 
also be produced - together with glucose — by the digestion of sucrose (see Fig. 8.6). 

Pentoses are the major product of hemicellulose breakdown, which is brought 
about by enzymes attacking the B-1,4 linkages to give xylose and uronic acids. The 
latter are then converted to xylose. Uronic acids are also produced from pectins, 
which are first hydrolysed to pectic acid and methanol by pectinesterase. The pectic 
acid is then attacked by polygalacturonidases to give galacturonic acids, which in 
turn yield xylose. Xylose may also be produced from hydrolysis of the xylans, which 
may form a significant part of the dry matter of grasses. 

The simple sugars produced in the first stage of carbohydrate digestion in the 
rumen are rarely detectable in the rumen liquor because they are immediately taken 
up and metabolised intracellularly by the microorganisms. For this second stage, the 
pathways involved are in many respects similar to those involved in the metabolism 
of carbohydrates by the animal itself, and are thus discussed in Chapter 10. How- 
ever, the main pathways are outlined in Fig. 8.7. The key intermediate (i.e. linking 
the pathways of Fig. 8.6 with those of Fig. 8.7) is pyruvate, and Fig. 8.7 shows the 
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Cellulose Starch 
Cellobiose Maltose Isomaltose 
Glucose-1-phosphate " 
< 


Sucrose 


Glucose-6-phosphate 


Pectins—əUronic acids 


Fructose-6-phosphate—<—Fructose—s=— Fructans 


Hemicelluloses}—» Pentoses 


Fructose-1,6-phosphate 


Pentosans 


Y 


Pyruvate 


Fig. 8.6 Conversion of carbohydrates to pyruvate in the rumen. 


Pyruvate 
Formate Acetyl Coenzyme A Lactate Oxalacetate Methylmalonyl-CoA 
Malonyl- y y 
CO2 H2 CoA Acetoacetyl-CoA Lactyl-CoA Malate 
y 
Methane Acetyl phosphate Y Y 
B-Hydroxybutyryl-CoA Acrylyl-CoA Fumarate 
YV < Y . 
Crotonyl-CoA Propionyl-COA succinate Succinyl-CoA 
Butyryl-CoA 
Acetate Butyrate Propionate 


Fig. 8.7 Conversion of pyruvate to volatile fatty acids in the rumen. 


pathways that link pyruvate with the major end products of rumen carbohydrate di- 
gestion, which are acetic, propionic and butyric acids, carbon dioxide and methane. 
Additional fatty acids are also formed in the rumen, generally in small quantities, by 
deamination of amino acids; these are isobutyric acid from valine, valeric acid from 
proline, 2-methyl butyric acid from isoleucine and 3-methyl butyric acid from 
leucine. Figure 8.7 shows that propionate can be produced from pyruvate by several 
alternative pathways. The pathway through lactate and acrylate predominates when 
the ruminant’s diet includes a high proportion of concentrates, and pathways 
through succinate are employed when the diet consists mainly of fibrous roughages. 
With concentrate diets, lactate produced by the first pathway may accumulate in the 
rumen and threaten the animal with acidosis. 
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The overall equation for the rumen fermentation of hexoses is: 


65 acetate 
57 Hexose —>» 114 pyruvate ——Əə- 21 propionate + 20CO>j + 73 CH4 
14 butyrate 


Thus the molar proportions of the three volatile fatty acids (VFAs) derived from 
hexose are acetate 0.65, propionate 0.21 and butyrate 0.14. Some examples of the 
actual concentrations and proportions of VFA in the rumen are given in Table 8.4. 
They differ from the proportions given above because carbohydrates other than 
hexoses (and also amino acids) are fermented in the rumen. The relative concentra- 
tions of VFAs are often assumed to represent their relative rates of production 
(which are more difficult to measure; see Box 8.2), but this may be misleading if 
individual VFAs are absorbed at different rates. Their total concentration varies 
widely according to the animal’s diet and the time that has elapsed since the previ- 
ous meal, but it is normally in the range of 70-150 mmol/l (equivalent to approxi- 
mately 5-10 g/l). The relative proportions of the acids also vary. Mature fibrous 
forages give rise to VFA mixtures containing a high proportion (about 70 per cent) 
of acetic acid. Less mature forages tend to give a rather lower proportion of acetic 
and a higher proportion of propionic acid. The addition of concentrates to a forage 


Table 8.4 Volatile fatty acids (VFAs) in the rumen liquor of cattle or sheep fed on 
various diets 


Animal Diet Individual VFA (molar proportions) 


Total VFA 
(mmoles/l) Acetic Propionic Butyric Others 
Sheep Young ryegrass 107 0.60 0.24 0.12 0.04 
herbage 
Cattle Mature ryegrass 137 0.64 0.22 0.11 0.03 
herbage 
Cattle Grass silage 108 0.74 0.17 0.07 0.03 
Sheep Chopped lucerne hay 113 0.63 0.23 0.10 0.04 
Ground lucerne hay 105 0.65 0.19 0.11 0.05 
Cattle Long hay (0.4), 96 0.61 0.18 0.13 0.08 
concentrates (0.6) 
Pelleted hay (0.4), 140 0.50 0.30 0.11 0.09 
concentrates (0.6) 
Sheep Hay: concentrate 
1:0 97 0.66 0.22 0.09 0.03 
0.8 : 0.2 80 0.61 0.25 0.11 0.03 
0.6 : 0.4 87 0.61 0.23 0.13 0.02 
0.4 : 0.6 76 0.52 0.34 0.12 0.03 
0.2 : 0.8 70 0.40 0.40 0.15 0.05 
Cattle Barley (no ciliate 146 0.48 0.28 0.14 0.10 
protozoa in rumen) 
Cattle Barley (ciliates 105 0.62 0.14 0.18 0.06 


present in rumen) 
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BOX 8.2 Measurement of volatile fatty acid (VFA) production 


The production rate of VFAs in the rumen can be measured by infusion of isotopically labelled 
forms of the acids into the rumen via a cannula and by recording their dilution by newly formed 
VFA. If only one VFA is infused, production of the others can be estimated from their relative pro- 
portions in rumen liquor. However, infusion of all three major acids provides more reliable esti- 
mates because it allows for differences between them in rates of production and/or absorption. 
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also increases the proportion of propionic at the expense of acetic, this effect being 
particularly strong with diets containing a high proportion (0.6) of concentrates. 
With all-concentrate diets, the proportion of propionic may even exceed that of 
acetic. However, even with this type of diet, acetic acid predominates if the rumen 
ciliate protozoa survive. Grinding and pelleting of forage has little effect on the 
VFA proportions when the diet consists of forage alone, but it causes a switch from 
acetic to propionic acid if the diet also contains concentrates. Table 8.4 also shows 
that the proportion of butyric acid is less affected by diet than are the shorter- 
chain acids. 

The total weight of acids produced may be as high as 4 kg per day in cows. Much 
of the acid produced is absorbed directly from the rumen, reticulum and omasum, al- 
though 10-20 per cent may pass through the abomasum and be absorbed in the 
small intestine. In addition, some of the products of carbohydrate digestion in the 
rumen are used by the microorganisms to form their own cellular polysaccharides, 
but the amounts of these passing to the small intestine are probably small and hardly 
significant. 

The rate of gas production in the rumen is most rapid immediately after a meal and 
in the cow may exceed 30 I/hour. The typical composition of rumen gas is 40 per cent 
carbon dioxide, 30-40 per cent methane; 5 per cent hydrogen, and small and vary- 
ing proportions of oxygen and nitrogen (from ingested air). Carbon dioxide is pro- 
duced partly as a by-product of fermentation and partly by the reaction of organic 
acids with the bicarbonate present in the saliva. The basic reaction by which 
methane is formed is the reduction of carbon dioxide by hydrogen, some of which 
may be derived from formate. Methanogenesis, however, is a complicated process 
that involves folic acid and vitamin B12. About 4.5 g of methane is formed for every 
100 g of carbohydrate digested, and the ruminant loses about 7 per cent of its food 
energy as methane (see Chapter 11). 

Most of the gas produced is lost by eructation; if gas accumulates it causes the 
condition known as bloat, in which the distension of the rumen may be so great as to 
result in the collapse and death of the animal. Bloat occurs most commonly in dairy 
cows grazing on young, clover-rich herbage and is due not so much to excessive gas 
production as to the failure of the animal to eructate. Frequently the gas is trapped in 
the rumen in a foam, whose formation may be promoted by substances present in 
the clover. It is also possible that the reflex controlling eructation is inhibited by a 
physiologically active substance that is present in the food or formed during fermen- 
tation. Bloat is a particularly serious problem on the clover-rich pastures of New 
Zealand, where it is prevented by dosing the cows or spraying the pasture with 
antifoaming agents, such as vegetable oils. Another form of bloat, termed ‘feedlot bloat’, 
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occurs in cattle fattened intensively on diets containing much concentrate and little 
roughage. Bloat-preventing agents are discussed in Chapter 24. 

The extent to which cellulose is digested in the rumen depends particularly on the 
degree of lignification of the plant material. Lignin, and also the related substance 
cutin, is resistant to attack by anaerobic bacteria, probably because of its low oxygen 
content and its condensed structure (which inhibits hydrolysis). Lignin appears to 
hinder the breakdown of the cellulose with which it is associated. Thus, in young 
pasture grass containing only 50 g lignin/kg DM, 80 per cent of the cellulose may be 
digested, but in older herbage with 100 g lignin/kg, the proportion of cellulose digested 
may be less than 60 per cent. Ruminant diets based on cereals may contain as much 
as 500 g/kg of starch (and sugars), of which over 90 per cent may be fermented in 
the rumen and the rest digested in the small intestine. This fermentation is rapid, and 
the resulting fall in the pH of rumen liquor inhibits cellulose-fermenting organisms 
and thus depresses the breakdown of cellulose. 

The breakdown of cellulose and other resistant polysaccharides is undoubtedly 
the most important digestive process taking place in the rumen. Besides contributing 
to the energy supply of the ruminant, it ensures that other nutrients that might escape 
digestion are exposed to enzyme action. Although the main factor in the process is 
the presence of microorganisms in the rumen, there are other factors of importance. 
The great size of the rumen (its contents normally contribute 10-20 per cent of the 
liveweight of ruminants) allows food to accumulate and ensures that sufficient 
time is available for the rather slow breakdown of cellulose. In addition, the move- 
ments of the reticulo-rumen and the act of rumination play a part by breaking up the 
food and exposing it to attack by microorganisms. 


Digestion of protein 


The digestion of protein in the rumen is illustrated in Fig. 8.8. Food proteins are 
hydrolysed to peptides and amino acids by rumen microorganisms, but some amino 
acids are degraded further, to organic acids, ammonia and carbon dioxide. An exam- 
ple of the deamination of amino acids is provided by valine, which, as mentioned 
above, is converted to isobutyric acid. Thus, the branched-chain acids found in 
rumen liquor are derived from amino acids. The main proteolytic organisms are 
Prevotella ruminicola, Peptostreptococci species and the protozoa. The ammonia 
produced, together with some small peptides and free amino acids, is utilised by the 
rumen organisms to synthesise microbial proteins. Some of the microbial protein is 
broken down in the rumen and its nitrogen is recycled (i.e. taken up by microorgan- 
isms). When the organisms are carried through to the abomasum and small intestine, 
their cell proteins are digested and absorbed. An important feature of the formation 
of microbial protein is that bacteria are capable of synthesising indispensable as well 
as dispensable amino acids, thus rendering their host independent of dietary supplies 
of the former. 

The extent to which dietary protein is degraded to ammonia in the rumen, and 
conversely the extent to which it escapes rumen degradation and is subsequently 
digested in the small intestine, is discussed in Chapters 10 and 13. At this point it is 
sufficient to emphasise that with most diets, the greater part (and sometimes all) 
of the protein reaching the ruminant’s small intestine will be microbial protein of 
reasonably constant composition. The lesser part will be undegraded food protein, 
which will vary in amino acid composition according to the nature of the diet. 
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Fig. 8.8 Digestion and metabolism of nitrogenous compounds in the rumen. 


The ammonia in rumen liquor is the key intermediate in microbial degradation 
and synthesis of protein. If the diet is deficient in protein, or if the protein resists 
degradation, then the concentration of rumen ammonia will be low (about 50 mg/l) 
and the growth of rumen organisms will be slow; in consequence, the breakdown 
of carbohydrates will be retarded. On the other hand, if protein degradation 
proceeds more rapidly than synthesis, then ammonia will accumulate in rumen 
liquor and the optimum concentration will be exceeded. When this happens, am- 
monia is absorbed into the blood, carried to the liver and converted to urea (see 
Fig. 8.8). Some of this urea may be returned to the rumen via the saliva and also 
directly through the rumen wall, but the greater part is excreted in the urine and 
thus wasted. 

Estimates of the optimum concentration of ammonia in rumen liquor vary widely, 
from 85 mg/l to over 300 mg/l. Rather than expressing the optimum as the concen- 
tration in rumen liquor, it would probably be more realistic to relate ammonia to fer- 
mentable organic matter, since it is known that for each kilogram of organic matter 
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fermented, an approximately constant quantity of nitrogen is taken up by rumen 
bacteria as protein and nucleic acid (see below). 

If the food is poorly supplied with protein and the concentration of ammonia in 
rumen liquor is low, the quantity of nitrogen returned to the rumen as urea from the 
blood (see Fig. 8.8) may exceed that absorbed from the rumen as ammonia. This net 
gain in ‘recycled’ nitrogen is converted to microbial protein, which means that the 
quantity of protein reaching the intestine may be greater than that in the food. In 
this way the ruminant is able to conserve nitrogen by returning to the rumen urea 
that would otherwise be excreted in urine. 

Although digestion is primarily the breakdown of complex molecules into sim- 
pler substances, a key feature of the digestive processes in ruminants is the produc- 
tion of microbial cells and hence the synthesis of microbial protein. If this synthesis 
is for any reason inefficient, food protein will be wasted and the host animal will 
subsequently be presented with a mixture of digestible nutrients that is unbalanced 
with respect to protein. In practice the rumen microorganisms synthesise protein in 
proportion to the quantities of nutrients that they ferment. With most feeds each 
kilogram of organic matter digested in the rumen yields approximately 200 g of 
microbial protein. Some rapidly fermented foods, such as immature forages rich in 
soluble carbohydrates, yield more microbial protein (up to 260 g/kg organic matter 
digested). Conversely, foods that contain relatively high proportions of digestible 
nutrients that are not fermented in the rumen give a lower yield of microbial protein 
(about 130 g/kg organic matter digested). Foods rich in fats are in this category but 
generally are not given to ruminants. Silages, however, contain nutrients that have 
already been fermented or partly fermented; one of the major products of silage 
fermentation is lactic acid (see Chapter 19), and although this may be further 
metabolised in the rumen, the yield of rumen microbial protein per unit of organic 
matter digested is lower with silages than with other foods. 

The rumen microbes thus have a ‘levelling’ effect on the protein supply of the 
ruminant; they supplement, in both quantity and quality, the protein of such foods as 
low-quality roughages but have a deleterious effect on protein-rich concentrates. It is 
possible to take additional advantage of the synthesising abilities of the rumen bacteria 
by adding urea to the diet of ruminants (see below). A more recent development, 
discussed on p. 186, is the protection of good-quality proteins from degradation in the 
rumen. 


Utilisation of non-protein nitrogen compounds by the ruminant 


Dietary protein is not the only contributor to the ammonia pool in the rumen. As 
much as 30 per cent of the nitrogen in ruminant foods may be in the form of simple 
organic compounds such as amino acids, amides and amines (see Chapter 4) or of in- 
organic compounds such as nitrates. Most of these are readily degraded in the 
rumen, their nitrogen entering the ammonia pool. In practice it is possible to capi- 
talise on the ability of rumen microorganisms to convert non-protein nitrogenous 
compounds to protein, by adding such compounds to the diet. The substance most 
commonly employed is urea, but various derivatives of urea, and even ammonium 
salts, may also be used. 

Urea entering the rumen is rapidly hydrolysed to ammonia by bacterial urease, 
and the rumen ammonia concentration is therefore liable to rise considerably. For 
this ammonia to be efficiently incorporated in microbial protein, two conditions 
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must be met. First, the initial ammonia concentration must be below the optimum 
(otherwise the ammonia ‘peak’ produced will simply be absorbed and lost from the 
animal as described above); second, the microorganisms must have a readily avail- 
able source of energy for protein synthesis. Feeding practices intended to meet these 
conditions include mixing urea with other foods (to prolong the period over which it 
is ingested and deaminated). Such foods should be low in rumen-degradable protein 
and high in readily fermentable carbohydrate. 

It is important to avoid accidental overconsumption of urea, since the subsequent 
rapid absorption of ammonia from the rumen can overtax the ability of the liver to 
reconvert it to urea, hence causing the ammonia concentration of peripheral blood 
to reach toxic levels. 

Derivatives of urea have been used for animal feeding with the intention of retard- 
ing the release of ammonia. Biuret is less rapidly hydrolysed than urea but requires a 
period of several weeks for rumen microorganisms to adapt to it. However, neither 
biuret nor isobutylidene diurea (IBDU) nor urea-starch compounds have consistently 
proved superior to urea itself. 

An additional non-protein nitrogenous compound that can be utilised by rumen 
bacteria, and hence by the ruminant, is uric acid. This is present in high concentra- 
tion in poultry excreta, and these are sometimes dried for inclusion in diets for 
ruminants, although in some countries the use of excreta as a food is restricted or 
prohibited. 

The practical significance of these non-protein nitrogenous substances as poten- 
tial protein sources is discussed in Chapter 23. 


Digestion of lipids 


The triacylglycerols present in the foods consumed by ruminants contain a high pro- 
portion of residues of the C4g polyunsaturated acids, linoleic and linolenic. These tri- 
acylglycerols are to a large extent hydrolysed in the rumen by bacterial lipases, as 
are phospholipids. Once they are released from ester combination, the unsaturated 
fatty acids are hydrogenated by bacteria, yielding first a monoenoic acid and, ulti- 
mately, stearic acid. Both linoleic and linolenic acid have all-cis double bonds, but 
before they are hydrogenated one double bond in each is converted to the trans con- 
figuration; thus, trans acids can be detected in rumen contents. The rumen microor- 
ganisms also synthesise considerable quantities of lipids, which contain some 
unusual fatty acids (such as those containing branched chains); these acids are even- 
tually incorporated in the milk and body fats of ruminants. 

The capacity of rumen microorganisms to digest lipids is strictly limited. The 
lipid content of ruminant diets is normally low (i.e. <50 g/kg), and if it is 
increased above 100 g/kg the activities of the rumen microbes are reduced. The 
fermentation of fibre is retarded and food intake falls. Saturated fatty acids affect 
rumen fermentation less than do unsaturated fatty acids. Calcium salts of fatty 
acids have little effect on rumen fermentation and are used as fat supplements for 
ruminants. 

Unlike their short-chain counterparts, long-chain fatty acids are not absorbed 
directly from the rumen. When they reach the small intestine they are mainly saturated 
and unesterified, but some — in the bacterial lipids — are esterified. Monoacylglycerols, 
which play an important role in the formation of mixed micelles in non-ruminants, are 
replaced in ruminants by lysophosphatidyl choline. 
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As mentioned earlier (see p. 36), it is possible in non-ruminants to vary the fatty 
acid composition of body fats by altering the composition of dietary fats. In rumi- 
nants, this is normally not the case, and the predominating fatty acid of ruminant 
depot fats is the stearic acid resulting from hydrogenation in the rumen. However, it 
is possible to treat dietary lipids in such a way that they are protected from attack in 
the rumen but remain susceptible to enzymic hydrolysis and absorption in the small 
intestine. If such lipids contain unsaturated acids, they will modify the composition 
of body (and milk) fats (see Chapter 25). 


Synthesis of vitamins 


The synthesis by rumen microorganisms of all members of the vitamin B complex 
and of vitamin K has already been mentioned (see Chapter 5). In ruminants receiv- 
ing foods well supplied with B vitamins, the amounts synthesised are relatively 
small, but they increase if the vitamin intake in the diet decreases. The adult rumi- 
nant is therefore independent of a dietary source of these vitamins, but it should be 
remembered that adequate synthesis of vitamin B12 will take place only if there is 
sufficient cobalt in the diet. 


Dynamics of digestion in the ruminant 


Food enters the rumen in the form of particles of various shapes and sizes, which are 
at first suspended in the liquid phase. The soluble constituents of these particles 
(such as sugars) are quickly dissolved and can thus be rapidly degraded by the rumen 
microbes. The insoluble constituents are colonised by microbes and slowly broken 
down. In addition to these two fractions, a third component will consist of cell walls 
so heavily encrusted with lignin or silica as to be undegradable in the rumen. The 
dynamics of the rumen must be such that potentially degradable material is retained 
long enough to be digested, and that the products of digestion (together with 
undegradable material) are passed out of the stomach, either by transit to the lower 
gut or by absorption through the rumen wall.The partition required is aided by some 
of the physical characteristics of the rumen contents. The liquid phase of rumen con- 
tents may be envisaged as a tank of fixed volume, so that liquid or food entering it 
causes a corresponding volume to flow out through the reticulo-omasal orifice. This 
liquid carries with it some of the soluble constituents of the food, some bacteria, the 
volatile fatty acids that have not been absorbed through the rumen wall, and also 
some fine particles of food. 

Food particles that are large, irregular in shape (e.g. long and thin plant frag- 
ments) and of low specific gravity tend to move to the top of the rumen (in some 
cases, floating on the liquid phase) and are retained; this is desirable, as large parti- 
cles will not have been subjected to mechanical and microbial breakdown. When 
these particles are reduced to smaller and denser fragments, they descend in the 
rumen liquor and can be washed out, as described above. 

A critical size for particles passing out of the rumen of sheep has been estimated 
by sieving digesta as about 1 mm (i.e. particles held on a sieve with holes of 1 mm 
are regarded as being too large to leave the rumen). For cattle, the critical size is con- 
sidered likely to be 3-4 mm. However, the passage of particles from the rumen is too 
complicated to be explained solely in terms of sieve dimensions. The reticulo-omasal 
orifice is not a sieve and is large enough to allow the passage of particles much 
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greater in diameter than 1 mm. What seems to happen is that the mass of food parti- 
cles itself acts as a sieve, by what is termed a filter-bed effect, with large particles 
trapping smaller ones. 

The rate of passage of liquids through the rumen is faster with roughage diets 
than with those containing concentrates such as cereal grains, because greater rumi- 
nation of roughages adds more saliva to the digesta. Adding salts to the diet increases 
water intake and thus increases fluid flow through the rumen. An increased rate of 
passage of liquid may ‘wash out’ bacteria, thus reducing cellulolysis and increasing 
the proportion of propionate in the mixture of volatile fatty acids produced. More 
generally, anything that increases the rate of passage of digesta from the rumen is 
liable to reduce the extent of digestion in that organ; for the fibre constituents of 
foods, this is likely to be disadvantageous, but it may be an advantage with con- 
stituents such as protein and starch, which can be more efficiently digested in the 
lower gut (see below). As food intake rises, the ruminant responds by increasing the 
quantity held in the rumen (rumen ‘fill’) and/or the rate of passage, but eventually 
limits are reached that impose a restriction on intake. The feeding of ruminants for 
greater productivity often depends on the raising of these limits, for example by re- 
placing slowly digested forages with rapidly digested concentrates, or by grinding 
forages to produce smaller, faster-moving particles. 


Control and modification of rumen fermentation 


As investigations have revealed the mechanisms of rumen digestion, attempts have 
been made to alter the patterns of digestion in ways that should improve the nutri- 
tion of ruminants. The primary approach has been to modify the microbial popula- 
tion in order to suppress undesirable processes (e.g. methane production; see Section 
8.4 and Chapter 11) or stimulate desirable processes (e.g. microbial protein synthe- 
sis). A secondary approach has been to protect nutrients from rumen fermentation in 
order that they should be digested in the small intestine. Changing the bacterial 


BOX 8.3 Measures of rumen dynamics 


The movement of digesta from the rumen can be expressed either as a rate of passage or as its 
reciprocal, a retention time. The rate of passage of liquids is also known as the dilution rate. These 
can be measured by the use of marker substances, which are either natural constituents of foods or 
indigestible additives (see p. 240). An example of the latter is the soluble but unabsorbable high- 
molecular-weight polymer polyethylene glycol. If a dose of this marker is injected into the rumen 
and allowed to mix uniformly, the subsequent decline in its concentration over time can be used to 
calculate the fractional rate of passage of liquid from the rumen. Typically this might be in the range 
0.05-0.20 per hour, indicating that 5-20 per cent of the rumen liquor flows out of the organ each 
hour. The passage of particulate matter from the rumen can be followed by marking or labelling 
some of the food with the rare earth element ytterbium and then taking sequential samples of duo- 
denal digesta. An older method employed dyes to mark food particles, which allowed undigested 
particles in digesta or faeces to be identified and counted under a microscope. Typical rates of 
passage of particulate matter are 0.012-0.030 per hour, and typical retention times are 
30-80 hours. Studies of rumen dynamics have led to the development of complex mathematical 
models (see Further reading at the end of this chapter). 
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population through the introduction of specific organisms has generally proved diffi- 
cult to achieve, or if achieved has failed to yield nutritional benetits. Changing an 
existing population by adding antibiotics to feeds has proved more effective, 
although the use of many antibiotics has been prohibited because of their value for 
treating diseases in animals and humans, and the possibility that their wider applica- 
tion would lead to the evolution of resistant strains of disease-causing organisms. 
The antibiotics used today are mostly of the ionophore type, examples being mon- 
ensin and salinomycin. These are active against Gram-negative bacteria; by stimulat- 
ing the production of propionate and reducing the production of acetate and 
butyrate, they improve the efficiency of utilisation of feed by growing ruminants. An- 
other recent development has been the use of substances known as probiotics, such 
as live yeast cultures, to stimulate bacterial activity in the rumen. In some circum- 
stances these can stabilise rumen pH, increase propionate and reduce acetate pro- 
duction, and reduce methane and ammonia production. The use of antibiotics and 
probiotics as additives to the diet is discussed in Chapter 24. 

The advent of genetic engineering has raised hopes of providing, for example, 
bacteria with improved cellulolytic capabilities, or organisms able to manufacture 
specific nutrients, such as the sulphur-containing amino acids needed for wool 
growth (see Chapter 14). Establishing such modified organisms in the rumen ecosys- 
tem is still a problem, although one successful application of this technology has 
been to modify bacteria to produce the enzyme fluoracetate dehalogenase, which 
then protects ruminants against fluoracetate poisoning. 

The rumen protozoal population has proved to be more susceptible to modifica- 
tion than the bacterial population, principally because protozoa can be totally elim- 
inated from the rumen. Ruminants reared from birth in isolation from other 
ruminants do not develop a protozoal population. Existing populations of protozoa 
can be eradicated by the use of high-starch diets, or by the administration of defau- 
nating agents such as copper sulphate. The ionophore monensin, which was origi- 
nally used to kill coccidia in poultry, also kills protozoa in ruminants (although there 
is some evidence that rumen protozoa can adapt to and tolerate monensin). 

The contribution of protozoa to rumen digestion, and hence to the nutrition and 
productivity of ruminants, has long been a matter of controversy. Although protozoa 
make a significant contribution to the digestion of polysaccharides, they are retained 
in the rumen and thus have the undesirable effect of ‘locking up’ microbial protein in 
the rumen and preventing its passage to the small intestine. So although defaunation 
of the rumen reduces the digestion of polysaccharides (especially the hemicellu- 
loses), it increases the quantity of microbial protein reaching the duodenum by 
about 25 per cent. If protozoa are absent from the rumen, their fibrolytic activity 
may be taken over by fungi. There is, however, some evidence that protozoa have an- 
other valuable role in aiding the absorption of the minerals calcium, magnesium and 
phosphorus from the gut. 

The current view of rumen protozoa is that with low-protein, forage-based diets, 
their presence is detrimental to the host, and defaunation can therefore increase 
animal productivity. With concentrate-based diets, better supplied with protein, the 
presence of protozoa is beneficial. Ironically, it is difficult to keep ruminants free of 
protozoa when they are on a forage diet and difficult to maintain protozoa on a 
concentrate diet. 

A major objective in controlling rumen fermentation is to restrict the activity of 
microbes to the components of the diet that the host animal cannot digest with its 
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own enzymes (principally the B-linked polysaccharides) or cannot utilise without 
microbial intervention (non-protein nitrogenous compounds). The strategy for 
achieving this objective is based on the protection of other nutrients (soluble carbo- 
hydrates, such as starch and sugars, and high-quality proteins) from attack in the 
rumen. We shall see later in this book that ramen fermentation of sugars is energeti- 
cally inefficient for the host animal and may also cause it to be short of glucose. Tac- 
tics for protecting nutrients from attack in the rumen are often based on heat 
treatment or chemical treatment of foods. Treatment with tannins or formaldehyde 
modifies the structure of proteins in such a way as to impede microbial attack but 
still permit digestion by mammalian digestive enzymes. There are difficulties in 
achieving precisely the right degree of protection, however, and a more practical way 
of getting proteins past the rumen is to use foods to which rumen microorganisms 
are unaccustomed and therefore unadapted; these are principally foods of animal 
origin, such as fishmeals. Individual amino acids can be protected with agents based 
on polymers or fats. Protecting soluble carbohydrates such as starch from rumen 
fermentation is much more difficult, although the starch in some foods (rice by- 
products and, to a much lesser degree, maize) partially escapes rumen fermentation. 
If intensively fed ruminants are given an energy-rich supplement, this is often in the 
form of the one class of nutrients that naturally escapes rumen fermentation, namely 
the triglyceride fats. 

Although man has had some success in arranging for nutrients to ‘bypass’ the 
rumen, nature is more successful. In the young suckled ruminant, the oesophageal 
groove mechanism (see p. 172) allows the high-quality nutrients contained in milk to 
avoid rumen fermentation, even though the lamb or calf is consuming pasture herbage 
and digesting it in a fully functional rumen. Attempts by man to prolong this efficient 
partition into the adult life of the ruminant have been experimentally successful but 
fail commercially because of the high cost of milk or milk substitutes. 

Another aspect of the control of rumen fermentation arises from the need to syn- 
chronise the supplies of energy and protein to the microorganisms. As mentioned 
earlier, the bacteria need a supply of energy to synthesise their cell proteins from de- 
graded food proteins, and their energy sources, the carbohydrates, are made avail- 
able at varying rates. It is therefore possible, for example, to supplement a rapidly 
degraded source of protein with a rapidly degradable source of carbohydrate. An al- 
ternative approach to synchronisation would be to give rapidly and slowly degraded 
foods at different times of the day. However, studies of rumen synchrony have yet to 
be fully translated into feeding practice. 


8.3 ALTERNATIVE SITES OF MICROBIAL DIGESTION 


Its great size and its location at the anterior end of the gut make the rumen pre-em- 
inent as a digestive organ for fibrous foods. Large quantities of food can be stored 
rapidly for later mastication and fermentation; cell contents are released at an early 
stage; and the main products of fermentation have ample opportunity to be ab- 
sorbed in the remainder of the tract. These advantages of rumen digestion are, how- 
ever, diminished by the disadvantage of all food constituents being exposed to 
fermentation. If fermentation is delayed until food reaches the large intestine, this 
disadvantage is overcome, but some of the benefits of the rumen are lost. 
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The parts of the large intestine that are capable of sustaining a significant micro- 
bial population are the colon and the caecum (see Fig. 8.1). The caecum is blind- 
ended and is duplicated in the fowl; in some animals the walls of both the caecum 
and the colon are sacculated. The digestive capacity of these organs depends on 
their volume relative to the rest of the tract, as that determines the time for which 
food residues may be delayed for fermentation. The substrate for the large intestine 
differs from that entering the rumen, because most of the more readily digestible 
nutrients will have been removed, and also some endogenous materials (such as 
mucopolysaccharides and enzymes) will have been added. However, as described 
earlier (see p. 163), microbial digestion in the large intestine is similar to that occur- 
ring in the rumen. Volatile fatty acids are produced and absorbed; methane and 
other gases are present. Proteins and non-protein sources of nitrogen (such as urea 
from the bloodstream) are reformed into microbial proteins; in some cases, but not 
invariably, these undergo proteolysis to amino acids, which may be absorbed. Water- 
soluble vitamins are synthesised and inorganic elements and water are reabsorbed. 
But in general, hind gut fermentation is less effective than rumen digestion, because 
digesta are not held for sufficient time and because many of the products of diges- 
tion (particularly microbial protein and vitamins) are not absorbed. Some species of 
animal overcome the last problem by practising coprophagy (the consumption of 
faeces). The rabbit has perfected this practice by producing two types of faeces, the 
normal hard pellets, which are not eaten, and the soft faeces or caecotrophes, which 
contain well-fermented material from the caecum and which are consumed, hence 
the alternative term caecotrophy. This division of digesta is achieved by colonic con- 
tractions, which separate the fibrous particles that form the hard pellets. Antiperi- 
staltic waves of contraction move fluid and non-fibre particles into the caecum, 
where microbial fermentation takes place. The caecotrophes are soft pellets of cae- 
cal contents with a glossy coat and are eaten directly from the anus and swallowed 
whole. They remain intact in the stomach for some time and fermentation contin- 
ues. They then pass to the small intestine for digestion of the contents. Ruminants 
have a substantial capacity for hind gut fermentation, and this is used to good effect 
when the diet or the level of feeding causes much fibrous material to reach the 
caecum. 

The horse is capable of living solely on fibrous forages. Unlike the ruminant, 
however, it has only one opportunity to chew its food and must therefore chew it 
thoroughly as it ingests it. At this stage large amounts of saliva are added, and the 
food is sufficiently buffered to permit a limited amount of fermentation in the 
stomach. However, most microbial digestion takes place in the enlarged colon, 
which has a capacity exceeding 60 1, and the caecum, with a capacity of 25-35 1. 
These organs contain bacteria and protozoa, which digest the food constituents in 
the same way as rumen microorganisms. It has been estimated that in the horse, 
hind gut fermentation accounts for 30 per cent of the digestion of dietary protein, 
15-30 per cent of that of soluble carbohydrate and 75-85 per cent of that of cell 
wall carbohydrate. With diets of hay and concentrates, horses digest about 85 per 
cent of the organic matter that would be digested by ruminants. In the pig, the hind 
gut is less enlarged than in the horse, and forages are poorly digested. Neverthe- 
less, the pig can digest as much as 50 per cent of the cellulose and hemicellulose of 
cereal grains and their by-products. If starch grains escape digestion in the small 
intestine, as happens when pigs are fed on uncooked potatoes, these will also be 
fermented. 
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Although poultry have two caeca and a colon in which to ferment food residues, 
they gain little or nothing from hind gut fermentation when fed on their usual con- 
centrate diets. Indeed, it has been suggested that in poultry the intestinal flora are 
more of a handicap than an advantage, as ‘germ-free’ birds (i.e. reared in isolation 
and with no microorganisms) tend to grow larger than normal birds. 


8.4 NUTRIENT DIGESTION AND THE ENVIRONMENT 


Nutrition has important effects on the environment as a consequence of the 
processes of digestion (methane and phosphorus) or a combination of digestion and 
metabolism (nitrogen). Methane is produced by the fermentation of foods in the gut 
by microbes, particularly in ruminants, and the decomposition of carbon compounds 
in faeces stored as manure. Undigested phosphorus compounds are excreted in the 
faeces. Undigested and waste products of the metabolism of nitrogen compounds are 
excreted in the faeces and urine and the decomposition of these produces nitrous 
oxide (N20). Ammonia in animal wastes is responsible for soil acidification and nu- 
trient enrichment. 

Although carbon dioxide is the major gas contributing to climate change, 
methane and nitrous oxide are also significant contributors because of their warming 
potentials, which are 25 and 300 times that of carbon dioxide, respectively. The con- 
sequences of nitrogen digestion and metabolism on the environment are considered 
in Chapter 13. 


Methane 


It has been estimated that 70 per cent of the methane in the earth’s atmosphere is a 
result of human activity, and agriculture accounts for 60 per cent of this. Enteric fer- 
mentation makes up around 80 per cent of the agricultural production of methane 
and around 20 per cent arises from animal wastes. Rumen and hind gut fermentation 
are similar processes. During rumen fermentation of organic matter, hydrogen is pro- 
duced and methanogenic bacteria use this with carbon dioxide to produce methane 
and water. The methane leaves the rumen by eructation and this represents a loss of 
6-10 per cent of the gross energy of fermented foods. However, the methanogenic 
bacteria use the hydrogen as an energy source for growth and thereby make a small 
contribution to the microbial matter to be digested in the small intestine. The removal 
of hydrogen has a beneficial effect on the fermentation of plant cell wall carbohy- 
drates. Hydrogen is also used by other bacteria to synthesise propionic and butyric 
acids, and the pathway of use depends on the diet and the pH of the rumen contents. 
The activity of methanogenic bacteria, and thus the amount of methane produced, is 
reduced with increased rates of passage and digestion of food, increased levels of 
feeding, reduced rumen pH and the fermentation of starchy foods, all of which favour 
the channelling of carbon and hydrogen into propionate production. 

In order to reduce the climatic influence of methane from agricultural sources, 
ways of reducing the production from rumen fermentation are being investigated. 
Substances added to the food to decrease methane production include halogen ana- 
logues of methane. However, their effects tend to decrease over time as the rumen 
bacterial population adapts to their presence. Ionophore antibiotics (monensin; see 
Chapter 24) decrease methane production and increase propionate formation and 
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1. In a simple-stomached animal, such as the pig, 


Summary 


probiotics (Sacchromyces cerevisiae; see Chapter 24) are also beneficial. Other 
propionate-enhancing additives include fumaric and malic acids, which are precur- 
sors of propionate. Attempts to alter the microbial population in the rumen have met 
with limited success, no doubt owing to the varied population and the capacity of 
the organisms to adapt. Increasing animal productivity can reduce methane produc- 
tion indirectly and directly. Indirectly methane is reduced because fewer animals are 
required to produce the same amount of meat or milk and the maintenance costs are 
lower. Direct effects arise from the type of diet required to increase production, 
namely high quantities of concentrate (starchy) foods and the low inclusion of 
fibrous foods. As mentioned above, starchy foods increase the production of propi- 
onate and reduce methane as a result of the less favourable environment for the 
methane-producing bacteria. However, there are drawbacks from this approach in 
that the animal is more susceptible to acidosis (see p. 176) and the use of cereals 
competes directly with humans (see Chapter 25). 


Phosphorus 


Undigested phosphorus-containing compounds in manure can potentially run off 
into waterways and cause surface water pollution. In this way phosphorus can be 
responsible for the enrichment of water courses with the detrimental effect of exces- 
sive growth of algae and other plants. Phosphorus-containing compounds in foods 
vary in digestibility, and phytin phosphorus in cereals is poorly digested by non- 
ruminants (see Chapter 6), with a large proportion appearing in the faeces. In order 
to supply sufficient digestible phosphorus, the diets of non-ruminants are supple- 
mented with inorganic phosphorus sources such as dicalcium phosphate. The key to 
reducing the use of phosphorus supplements and the overall intake of phosphorus is 
in making the element in the natural food sources more available to the animal. This 
can be achieved by supplementing the diet of non-ruminants with the phytase 
enzyme, which releases the phosphorus from phytin (see Chapter 24). 

Dietary phosphorus supply in relation to requirements is coming under close 
scrutiny, especially for dairy and beef cattle, where allowances are often significantly 
above requirements in order to give a safety margin. There is increasing pressure to 
reduce safety margins so that allowances are closer to requirements and phosphorus 
is not wasted. 


(secreted by the liver) and by partial hydroly- 


digestion begins when food reaches the stom- 
ach. Proteins are hydrolysed by pepsins at pH 


2.0-3.5 to polypeptides and a few amino acids. 


. Inthe small intestine, enzymes secreted by 
the mucosa and by the pancreas continue the 
breakdown of protein to amino acids 
through the action of trypsin and car- 
boxypeptidases. Fats are made water-soluble 
through emulsification by the bile salts 


sis by lipases. Starch (and related a-linked 
polysaccharides) are hydrolysed by amylase to 
disaccharides, which are further hydrolysed 
to monosaccharides by specific enzymes (e.g. 
maltose by maltase, sucrose by sucrase, etc.). 


. In the large intestine, microorganisms 


produce enzymes that hydrolyse and fer- 
ment B-linked polysaccharides, mainly to 
volatile fatty acids. 
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. The alimentary tract has a detoxifying role, as 


. In the young pig, enzyme activities are 


restricted because the sole food is milk. In the 
stomach, chymosin causes partial breakdown 
and clotting of casein. Lactase activity is high, 
but the activity of starch-digesting enzymes, 
amylase and maltase, is low until the fourth 
week of life. 


. In the fowl, digestion is aided by a storage 


organ anterior to the proventriculus (the 
crop) and a grinding organ posterior to the 
stomach (the gizzard). As part of the hind 
gut, the two blind-ended caeca facilitate 
microbial digestion, but this is not quantita- 
tively important. 


. Dogs and cats are predominantly meat eaters 


and consume little fibrous material. Conse- 
quently their digestive tracts are adapted to 
the digestion of protein and fat and the large 
intestine is small. 


. Absorption of nutrients occurs mainly in the 


small intestine. Carbohydrates are absorbed as 
monosaccharides by active transport, a process 
involving carrier proteins. Amino acids and 
fatty acids are also absorbed by active trans- 
port, but emulsified triglycerides are absorbed 
by passive diffusion. Large molecules, espe- 
cially the immunoglobulins present in 
colostrum, are absorbed by a process known 
as pinocytosis. Many minerals and vitamins 
require special processes of absorption. 


it can inactivate some of the potentially dam- 
aging constituents of foods. 


. In ruminants, the large stomach compartment 


known as the reticulo-rumen allows regurgi- 
tation of food for mechanical breakdown by 
rumination and acts as a continuous fermen- 
tation system for anaerobic bacteria, protozoa 
and fungi. 


In the rumen, carbohydrates (both a- and 
B-linked) are hydrolysed by various routes to 
pyruvic acid, which is then fermented to 
acetic, propionic and butyric acids. The extent 
of breakdown and the proportions of these 
acids are determined by the nature of the 
food. Lignin is not digested and tends to 
interfere with the digestion of other nutrients. 


11. 
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14. 


15. 


16. 


17. 


The volatile fatty acids are absorbed through 
the rumen wall. Methane and carbon dioxide 
are by-products of rumen fermentation. 


Proteins in the rumen are hydrolysed to pep- 
tides and amino acids, and the latter may be 
deaminated to yield ammonia. Microorgan- 
isms use these products, and also non-protein 
sources of nitrogen, such as urea and uric acid, 
to synthesise microbial proteins. Microbial cells 
pass from the rumen to the abomasum (true 
stomach) and small intestine, where they are 
digested by the host animal’s enzymes. 


Lipids in the rumen are hydrolysed, and un- 
saturated fatty acids are then converted to 
saturated fatty acids by hydrogenation. 


For optimal rumen fermentation, foods must 
be held in the organ to allow time for the 
slow breakdown of plant cell walls, and the 
microorganisms must receive balanced sup- 
plies of nitrogen (as ammonia) and energy 
(as carbohydrate). 


Rumen breakdown of food protein is not 
always desirable, because microbial protein 
may be inferior to it in both quantity and 
quality. Thus, food proteins are sometimes 
protected from attack by rumen microorgan- 
isms. In suckled ruminants, there is a device 
known as the oesophageal groove, which 
channels milk directly to the abomasum. 


Microbial digestion continues in the large 
intestine of ruminants; volatile fatty acids 
and microbial protein are produced, but the 
protein cannot be subsequently digested and 
absorbed by the host animal. 


In the horse, the large intestine is the princi- 
pal site of microbial digestion. 


The nutrition of animals has environmental 
consequences. Methane, which contributes to 
global warming, is produced by fermentation 
in the gut and the degradation of manure. 
Nitrous oxide, which also contributes to 
global warming, arises from the degradation 
of animal wastes. Undigested phosphorus in 
manure can cause nutrient enrichment of 
water courses. 
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Metabolism 


9.1 Energy metabolism 

9.2 Protein synthesis 

9.3 Fat synthesis 

9.4 Carbohydrate synthesis 
9.5 Control of metabolism 


Metabolism is the name given to the sequence, or succession, of chemical reactions that 
take place in the living organism. Some of the reactions involve the degradation of 
complex compounds to simpler materials and are designated catabolic reactions, 
whereas other reactions involve the synthesis of more complex compounds from simpler 
substances and are designated anabolic reactions. Waste products arise as a result of 
metabolism and these have to be chemically transformed and ultimately excreted; the 
reactions necessary for such transformations form part of general metabolism. As a re- 
sult of various catabolic reactions, energy is made available for mechanical work, trans- 
portation and anabolic activity such as the synthesis of carbohydrates, proteins and 
lipids. Figure 9.1 summarises the sources of the major metabolites available to the body 
and their subsequent metabolism. 

The starting points of metabolism are the substances absorbed after the digestion of 
food. For all practical purposes we may regard the end products of carbohydrate diges- 
tion in the simple-stomached animal as glucose, together with very small amounts of 
galactose and fructose. These are absorbed into the portal blood and carried to the liver. 
In ruminant animals, the major part of the carbohydrate is broken down in the rumen to 
acetic, propionic and butyric acids, together with small amounts of branched-chain and 
higher volatile acids. Butyric acid is changed during its passage across the rumen wall and 
passes into the portal blood as (p-)B-hydroxybutyric acid (BHBA). Acetic acid and BHBA 
pass from the liver via the systemic blood to various organs and tissues, where they are 
used as sources of energy and fatty acids. Propionic acid is converted to glucose in the 
liver and joins the liver glucose pool. This may be converted partly into glycogen and 
stored, or to fatty acids, reduced coenzymes and t-glycerol-3-phosphate and used for tri- 
acylglycerol synthesis. The remainder of the glucose enters the systemic blood supply and 
is carried to various body tissues, where it may be used as an energy source, as a source 
of reduced coenzymes for fatty acid synthesis, and for glycogen synthesis. 


Metabolism 
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Digestion of proteins results in the production of amino acids and small peptides, 
which are absorbed via the intestinal villi into the portal blood and are carried to the 
liver, where they join the amino acid pool. They may then be used for protein synthesis 
in situ or may pass into the systemic blood, where they join the amino acids produced as a 
result of tissue catabolism in providing the raw material for the synthesis of proteins 
and other biologically important nitrogenous compounds. Amino acids in excess of this 
requirement are carried to the liver and broken down to ammonia and keto acids. The 
latter may be used for amino acid synthesis or the production of energy. Some of the 
ammonia may be used in amination, but the majority is converted into urea and either 
excreted in the urine or recycled in the saliva. In the ruminant animal a considerable 
amount of ammonia may be absorbed from the rumen into the portal blood, trans- 
formed into urea by the liver, and then excreted or recycled via saliva or through the 
rumen wall. 

Most dietary lipids enter the lacteals as chylomicrons, which enter the venous blood 
vessels via the thoracic duct. The chylomicrons are about 500 nm in diameter with a thin 
lipoprotein envelope. A very small proportion of dietary triacylglycerols may be hydrol- 
ysed to glycerol and low-molecular-weight acids in the digestive tract and these are ab- 
sorbed directly into the portal blood supply. Circulating chylomicrons are absorbed by 
the liver and the triacylglycerols are hydrolysed. The fatty acids so produced, along with 
free fatty acids absorbed from the blood by the liver, may be catabolised for energy pro- 
duction or used for the synthesis of triacylglycerols. These then re-enter the blood sup- 
ply in the form of lipoprotein and are carried to various organs and tissues, where they 
may be used for lipid synthesis, for energy production and for fatty acid synthesis. Fatty 
acids catabolised in excess of the liver's requirement for energy are changed to 
(L-)B-hydroxybutyrate and acetoacetate, which are transported to various tissues and 
used as sources of energy. 


9.1 ENERGY METABOLISM 


Energy may be defined as the capacity to do work. There are various forms of en- 
ergy, such as chemical, thermal, electrical and radiant, all of which are interconvert- 
ible by suitable means. For example, the radiant energy of the sun is used by green 
plants, via photosynthesis, to produce complex plant constituents, which are then 
stored. The plants are consumed by animals and the constituents broken down, re- 
leasing energy, which is used by animals for mechanical work, for transport, for 
maintaining the integrity of cell membranes, for the synthesis of body components 
and for providing heat under cold conditions. 

Since all forms of energy can be converted to heat, heat units have been used to 
represent the energy involved in metabolism. Traditionally, the basic unit used has 
been the thermochemical calorie (cal), based on the calorific value of benzoic acid as 
the reference standard. However, the calorie is too small a unit for routine use and 
the kilocalorie (1000 cal) or megacalorie (1 000 000 cal) is more commonly used in 
practice. However, the International Union of Nutritional Sciences and the National 
Committee of the International Union of Physiological Sciences have now suggested 
the joule (J) as the unit of energy for use in nutritional, metabolic and physiological 
studies. This suggestion has been almost universally adopted and is followed in this 
book. The joule is defined as 1 newton per metre, and 4.184 J = 1 cal. 
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The chemical reactions taking place in the animal's body are accompanied by 
changes in the energy of the system. The portion of the energy change that is avail- 
able to do work is termed the free energy change, designated AG. When AG is nega- 
tive, the reaction is said to be exergonic and takes place spontaneously; when AG is 
large and negative, the reaction proceeds almost to completion. When AG is positive, 
the reaction is termed endergonic and free energy has to be fed into the system in 
order for the reaction to take place. When AG is large and positive, there is little ten- 
dency for the reaction to take place. Most of the synthetic reactions of the body are 
endergonic and the energy needed to drive them is obtained from exergonic cata- 
bolic reactions. Before the energy released by these changes can be utilised for syn- 
theses and other vital body processes, a link between the two must be established. 
This is provided by mediating compounds that take part in both processes, picking 
up energy from one and transferring it to the other. Typical are adenosine triphos- 
phate (ATP), guanosine triphosphate (GTP), cytidine triphosphate (CTP) and uridine 
triphosphate (UTP). By far the most important nucleotide triphosphate is ATP. 
Adenosine is formed from the purine base adenine and the sugar D-ribose. Phospho- 
rylation of the hydroxyl group at carbon atom 5 of the sugar gives adenosine 
monophosphate (AMP) (see Chapter 4); successive additions of phosphate residues 
give adenosine diphosphate (ADP) and then the triphosphate. In its reactions within 
the cell, ATP functions as a complex with magnesium. The addition of the last two 
phosphate bonds requires a considerable amount of energy, which may be obtained 
directly by reaction of AMP or ADP with an energy-rich material. For example, in 
carbohydrate breakdown, one of the steps is the change of phosphoenolpyruvate to 
pyruvate, which results in one molecule of ATP being produced from ADP. 


CH2 CH3 


coo- COO` 


Phosphoenolpyruvate Pyruvate 


When production of ATP from ADP takes place directly during a reaction, as in 
this case, the process is known as substrate-level phosphorylation. 

Alternatively, ATP may be produced indirectly. Most biological oxidations in- 
volve the removal of hydrogen from a substrate. However, the final combination of 
hydrogen with oxygen to form water occurs only at the end of a series of reactions. 
A typical example is the removal of hydrogen coupled to nicotinamide adenine 
dinucleotide (NAD*), as illustrated in Fig. 9.2 for the oxidation of isocitrate to 
a-ketoglutarate. 

In this example, hydrogen removed from isocitrate is accepted by NAD” and is 
then passed to the flavin coenzyme. This donates two electrons to ubiquinone, and 
two protons (2H") are formed. The electrons are then transferred via the sequen- 
tial cytochromes to cytochrome a3, which is capable of transferring the electrons to 
oxygen. The negatively charged oxygen finally unites with the two protons, yield- 
ing water. During the operation of this pathway, ATP is produced from ADP and 
inorganic phosphate, the process being called oxidative phosphorylation. It is 
confined to the mitochondria and to the reduced NAD* produced within them. 
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Isocitrate o-Ketoglutarate 
L. NAD(+H*) 
FADH2 o > FAD 
ADP + Pi > ATP | 
Ubiquinone Ubiquinone + 2H* 
2 Cytochrome b 2 Cytochrome b 
Fe2+ Fe3+ 
2 Cytochrome c4 2 Cytochrome ci 
Fe3+ Fe2+ 
2 Cytochrome c 2 Cytochrome c 
Fe2+ Fe3+ 
2 Cytochrome a 2 Cytochrome a 
Fe3+ Fe2+ 
2 Cytochrome as 2 Cytochrome as 
Fe2+ Pe yn — zx. Fe2+ 
H2O —< ° Y20> 


Fig. 9.2 The oxidative phosphorylation system. 


Considerations of energy release indicate that production of ATP takes place at the 
transfer of hydrogen from reduced FAD to ubiquinone, at the transfer of electrons 
from cytochrome b to c,, and from cytochrome a to cytochrome a3. The flow of elec- 
trons leads to the transfer of protons from the matrix to the cytoplasmic side of the 
inner mitochondrial membrane. A proton-motive force consisting of a pH gradient 
(matrix side basic) and a membrane potential (matrix side negative) is then gener- 
ated. The flow of protons back to the matrix side through ATP synthase drives ATP 
synthesis. The flow of electrons from NADH or FADH to O, through the transfer 
chain generates sufficient proton motive force for the synthesis of 2.5 and 1.5 moles 
of ATP, respectively. The series of reactions may be represented as: 


NADH(+H*) + O + 2.5ADP + 2.5Pi ———ə NAD*+ Æa + H20 


*Throughout this chapter, energy inputs are shown by an open box (0) and energy outputs by a 
black box (m). 
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Since oxidative phosphorylation is confined to the mitochondria, reduced 
NAD" produced in the cell cytoplasm must cross the mitochondrial wall to be 
processed in this way. Reduced NAD ` itself is not capable of doing so. Passage into 
the mitochondria, of the reducing equivalents that it represents, is achieved by the 
operation of the malate—aspartate shuttle or the glycerophosphate shuttle. In the 
malate- aspartate shuttle, no energy cost is involved. In the glycerophosphate shut- 
tle, the reducing equivalents enter the oxidative phosphorylation pathway at the 
FAD* stage and only 1.5 moles of ATP are produced. The malate—aspartate shut- 
tle is predominant in the liver, whereas muscle makes greater use of the glycerophos- 
phate pathway. 

The energy fixed as ATP may be used for doing mechanical work during the per- 
formance of body processes that are essential for maintaining the animal. Both con- 
traction and relaxation of muscle involve reactions that require a supply of energy, 
which is provided by breakdown of ATP to ADP and inorganic phosphate. The en- 
ergy fixed in ATP may also be used to drive reactions in which the terminal phos- 
phate group is donated to a large variety of acceptor molecules. Among these is 
D-glucose: 


ATP} + D-glucose — ADP + D-glucose phosphate 


In this way the glucose is energised for subsequent biosynthetic reactions. In other 
reactions, such as the first stage of fatty acid synthesis, ATP provides the energy and 
is broken down to AMP and inorganic phosphate: 


Acetate + coenzyme A + |ATP| acetyl-coenzyme A + pyrophosphate + AMP 


The role of ATP in trapping and utilising energy may be illustrated diagrammatically 
as shown in Fig. 9.3. 

The quantity of energy that is made available by the rupture of each of the two 
terminal phosphate bonds of ATP varies according to the conditions under which the 
hydrolysis takes place. Most authorities agree that under the conditions pertaining in 
intact cells the amount of energy is about 50 kJ/mole, but this varies with pH, mag- 
nesium ion concentration and the concentrations of ATP, ADP and phosphate. The 
phosphate bonds are commonly referred to as high-energy bonds, represented by 
— [P]. This term is not thermodynamically accurate and many workers prefer to use 
the term ‘high group transfer potential’. 

Fixation of energy in the form of ATP is a transitory phenomenon and any energy 
produced in excess of immediate requirements is stored in a more permanent form 


ATP: 
Free energy for chemical work 
Free energy ADP (biosynthesis), osmotic work 
from catabolism (transport) and mechanical 
work (muscular contraction) 
AMP 


Fig. 9.3 The role of ATP in the utilisation of energy. 
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in such compounds as the phosphocreatine of muscle, which is formed from creatine 
when ATP is in excess: 


NH2 NH-@ 

| | 

C:NHz C:NHz 

| Creatine kinase | 

N.CH; + [ATP] <—— > N.CH,; + ADP 


CH2 CH2 

| | 

COO- COO- 

Creatine Phosphocreatine 


When the supply of ATP is insufficient to meet energy demand, more ATP is pro- 
duced from phosphocreatine by the reverse reaction. 

Even compounds such as phosphocreatine are minor, temporary energy stores. 
The majority of energy stored in the body is stored as depot fat together with small 
quantities of carbohydrate in the form of glycogen. In addition, protein may be used 
to provide energy under certain circumstances. 

In addition to using this stored energy, the body derives energy directly from nu- 
trients absorbed from the digestive tract. The most important of these in simple- 
stomached animals is glucose. However, in ruminant animals, the volatile fatty acids 
occupy this position. 


Glucose as an energy source 


The major pathway by which glucose is metabolised to give energy has two stages. 
The first, known as glycolysis, can occur under anaerobic conditions and results in the 
production oÍ pyruvate. The sequence of reactions (Fig. 9.4), often referred to as the 
Embden-Meyerhof pathway, takes place in the cell cytoplasm. 

All the reactions in the pathway are reversible, but reactions 1,3, 8 and 11 have large 
negative AG values under physiological conditions and are essentially irreversible. Two 
moles of ATP are used in the initial phosphorylations of steps 1 and 3, and the fructose 
diphosphate so formed breaks down to yield two moles of glyceraldehyde-3-phosphate. 
Subsequently, one mole of ATP is produced directly at each of steps 8 and 11. Four 
moles of ATP are thus produced from one mole of glucose. Since two moles of ATP are 
used up, the net production of ATP from ADP is two moles per mole of glucose. Under 
aerobic conditions the reduced NAD“, produced at step 7, may be oxidised via the ox- 
idative phosphorylation pathway and, assuming the operation of the malate—aspartate 
shuttle, 2.5 moles of ATP are produced per mole. The pyruvate produced by glycolysis is 
transported into the mitochondria, without energy cost, and is oxidised to carbon 
dioxide and water, with further production of energy. The first step in this process is 
the oxidative decarboxylation of pyruvate in the presence of thiamin diphosphate: 


CH3 CH3 co 

| Pyruvate dehydrogenase | 2 
CO +  HS.CoA = COS.CoA 

| T 

COO NAD+ 

Pyruvate Coenzyme A Acetyl-coenzyme A 
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Glucose 
Phosphate 
Hexokinase Mg2* |© Glucose-6-phosphatase 
ADP H20 
Glucose-6-phosphate 
Glucosephosphate 
isomerase 


Fructose-6-phosphate 


Phosphate 
6-Phosphofructokinase Mg: |) Hexosediphosphatase 


ADP H2O 
Fructose-1,6-phosphate 
À 
: @ ! 
Triose phosphate Fructose-diphosphate aldolase 
— 
Dihydroxyacetone (6) Glyceraldehyde-3-phosphate 
hosphate À — NAD* 
p Isomerase Glyceraldehyde-3-phosphate 
7 dehydrogenase 
Y NADH + (H*) 
3-Phosphoglyceroyl phosphate 
ADP<.À 
va @ Phosphoglycerate kinase 
ATP mej 
3-Phosphoglycerate 
Mg?* @ Phosphoglyceromutase 


Y 
2-Phosphoglycerate 


Mg?* (9 Enolase 
H20 y H20 


Phosphoenolpyruvate 


ADP 
Mg2* Pyruvate kinase 


ATP 
Pyruvate 


Fig. 9.4 The glycolytic pathway. 


The hydrogen is removed via the normal NAD* pathway. The acetyl-coenzyme 
A produced is then oxidised to carbon dioxide and water via the tricarboxylic acid 
cycle (also known as the Kreb’s or citric acid cycle), as shown in Fig. 9.5. 

The tricarboxylic acid cycle involves four dehydrogenations, three of which are 
NAD?-linked and one FAD-linked. In addition, one mole of GTP arises directly 
with the change of succinyl-coenzyme A to succinate. The total ATP yield from the 
oxidation of one mole of glucose can now be estimated. The ATP yield from 
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Acetyl-coenzyme A 


Citrate synthetase 
Oxalacetate 
Malate dehydrogenase 


“Cum (+H*) Coenzyme A 


Malate NAD+ Citrate 
Fumarase Aconitase 
Sua Fumarate Isocitrate 
uccinate IFADH;| NAD 
dehydrogenase FAD Mg) Isocitrate dehydrogenase 
Succinat NADH (+H*) 
. uecinare Oxalsuccinate 
Succinate coenzyme A GTP 
synthetase GDP + P; CO2 Isocitrate dehydrogenase 
Succinyl-coenzyme A a-Ketoglutarate 


CO. HS.CoA 
NADH (+H*) Mg?* NAD* 


a-Ketoglutarate dehydrogenase 
complex 


Fig. 9.5 The tricarboxylic acid cycle. 


substrate-level phosphorylation is determined by the stoichiometry of the chemical 
reactions. However, the ATP yield from oxidative phosphorylation is less certain be- 
cause the stochiometries of proton-pumping, ATP synthesis and the metabolite 
transport processes are not fixed values. As stated previously, the flow of a pair of 
electrons from NADH to O> generates sufficient proton-motive force for the synthe- 
sis of about 2.5 moles of ATP. Similarly, the flow of electrons from FADH to O>; 
generates sufficient proton-motive force for the synthesis of about 1.5 moles of ATP. 
Consequently, on average about 30 moles of ATP are produced from the complete 
oxidation of glucose (Table 9.1). 

The capture of energy represented by the formation of 30 high-energy phosphate 
bonds may be calculated as 30 x 50 = 1500 kJ/mole of glucose. The total free en- 
ergy content of glucose is 2870 kJ/mole. The efficiency of free energy capture by the 
body is thus 1500/2870 = 0.52. Such calculations assume perfect coupling of reac- 
tions and normal environmental cell conditions. 


Table 9.1 ATP yield from the complete oxidation of 1 mole of glucose 


1 mole glucose to 2 moles pyruvate 


ATP yield (substrate-level phosphorylation) 2 

2 NADH (oxidative phosphorylation glycerophosphate shuttle) 3 
2 moles pyruvate to 2 moles acetyl-CoA 

2 NADH (oxidative phosphorylation malate—aspartate shuttle) 5 
2 moles acetyl-Co A to CO2 + H2O 

ATP yield (substrate-level phosphoryation) 2 

2 FADH (oxidative phosporylation glycerophosphate shuttle) 3 

6 NADH (oxidative phosphoryation glycerophosphate shuttle) 12 
Total ATP yield per mole of glucose 30 
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Glycolysis takes place in the cell cytoplasm, whereas the decarboxylation of pyru- 
vate and the subsequent oxidation of acetyl-coenzyme A via the tricarboxylic acid 
cycle take place in the mitochondrial matrix. Under anaerobic conditions, oxygen is 
not available for the oxidation of reduced NAD* by oxidative phosphorylation. In 
order to allow the release of a small amount of energy by continuing the breakdown 
of glucose to pyruvate, reduced NAD* must be converted to the oxidised form. If 
not, step 7 of Fig. 9.4 will not take place and energy production will be blocked. 
Oxidation of reduced NAD* may be achieved under such conditions by the forma- 
tion of lactate from pyruvate in the presence of lactate dehydrogenase: 


CH3 CH3 

| Lactate dehydrogenase | 

CO (i k: = CHOH 
Le NADH(+H?*) NAD* lo 
Pyruvate Lactate 


When glucose is used as an energy source under anaerobic conditions, lactate ac- 
cumulates, eventually diffuses into the bloodstream, and is carried to highly aerobic 
tissues such as the heart and the liver. Here it may undergo oxidative breakdown to 
carbon dioxide and water, with further release of energy, or it may be reconverted 
into glucose. Recent evidence suggests that even in highly aerobic muscle tissue, 
much of the glucose used for energy is converted to lactate. 

Another pathway by which glucose is metabolised within the body is that known 
variously as the pentose phosphate pathway, the phosphogluconate oxidative path- 
way and the hexose phosphate shunt. Although the system encompassing glycolysis 
and the tricarboxylic acid cycle is the major pathway of glucose metabolism in the 
body, the pentose phosphate pathway is of considerable importance in the cytoplasm 
of the cells of the liver, adipose tissue and lactating mammary glands. The steps of 
this pathway are shown in Fig. 9.6. 

The net result of this series of reactions is the removal of one carbon atom from 
glucose as carbon dioxide and the production of two moles of reduced NADP*.The 
oxidation of one mole of glucose may be represented as: 


Glucose-6-phosphate + 12NADP* —> 6CO;+ PO;+ MED 


Unlike reduced NAD‘, reduced NADP* is not used during oxidative phosphory- 
lation to produce ATP, and the main function of the pentose phosphate pathway is to 
provide reduced NADP* for tissues that have a specific demand for it, particularly 
those actively synthesising fatty acids. Almost one-third of the glucose metabolised 
by the liver may follow this pathway, and this figure may be exceeded in adipose 
tissue. Reduced NADP* can be converted to reduced NAD ` via an energy-linked 
transhydrogenase and thus serve indirectly as a source of ATP. 


Glycogen as an energy source 


Glycogen is the major form of carbohydrate storage in animals and is present in most 
animal cells. It may form up to 80 g/kg of fresh liver and up to 100 g/kg of fresh 
muscle. Most is present in the latter. The release of energy from glycogen necessitates 
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CO2 


Fig. 9.6 The pentose phosphate pathway. 


its breakdown to glucose, which is then degraded as described previously. Break- 
down of glycogen within cells takes place through the action of inorganic phosphate 
and glycogen phosphorylase. This enzyme catalyses the hydrolysis of the 1,4-glycosidic 
linkages of the glycogen (see Chapter 2) and degradation begins at the non-reducing 
end of the chain. Glucose-1-phosphate molecules are released successively until a 
branch point is approached. A rearrangement of the molecule then takes place in the 
presence of an oligotransferase, which exposes a terminal 1,6-linked glucose unit. 
Cleavage of the 1,6 linkage by an oligo-1,6-glucosidase releases free glucose, and 
glucose-1-phosphate is produced by further activity of the phosphorylase. The net 
effect of glycogen breakdown is the production of glucose-1-phosphate plus a little 
glucose. Glucose-1-phosphate is converted by phosphoglucomutase to glucose-6- 
phosphate, which enters glycolysis or the pentose phosphate pathway, as does the 
residual glucose. The production of glucose-6-phosphate from glycogen does not in- 
volve expenditure of ATP, except for that used in the conversion of residual glucose 
to glucose-6-phosphate. Energy production from glycogen is thus slightly more effi- 
cient than it is from glucose. 


Propionic acid as an energy source 


In ruminant animals, considerable amounts of propionate are produced from carbo- 
hydrate breakdown in the rumen. The acid then passes across the rumen wall, where 
a little is changed to lactate. The remainder is carried to the liver, where it is converted 


Energy metabolism 


CH3 H 
| | 
Propionate CH2 + S Coenzyme A 
| | 
COO` CoA 
[ATP] 
Acyl-CoA synthetase 
AMP + PP; 
CH3 
| 
CH2 Propionyl-coenzyme A 
| 
COS.CoA 
Propionyl-CoA carboxylase 
ADP + Pi 
CH2 


CH.COOH Methylmalonyl-coenzyme A 


COS.CoA 
Methylmalonyl-CoA racemase 
Methylmalonyl-CoA isomerase 

COOH 

| 

CH2 

| Succinyl-coenzyme A 

CH2 

COS.CoA 


Fig. 9.7 Conversion of propionate to succinyl-coenzyme A. 


into glucose by gluconeogenesis. The first stage in this process is its conversion to 
succinyl-coenzyme A (Fig. 9.7). 

This then enters the tricarboxylic acid cycle and is converted to malate (see Fig. 9.5), 
where the equivalent of 2.5 moles of ATP are produced. The malate is transported into 
the cytosol, where it is converted to oxalacetate and then phosphoenolpyruvate: 


CcOoO- COO-` CH2 
| | Phosphoenolpyruvate | 
CH? san — > CH; — > > Co-® 

| | 

COO- 
Ht 
coo- Cu) coo- 
ADP 
+P; 

Malate Oxalacetate Phosphoenolpyruvate 
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The phosphoenolpyruvate may then be converted to fructose diphosphate by 
reversal of steps 10, 9, 8, 7 and 5 in the glycolytic sequence shown in Fig. 9.4. This 
is then converted to fructose-6-phosphate by hexose diphosphatase and then to 
glucose-6-phosphate by the reverse of step 2 and finally to glucose by glucose-6- 
phosphatase. The glucose may then eventually be used to provide energy. The energy 
balance sheet may be prepared as follows: 


ATP + ATP — 
2 moles propionate to 2 moles succinyl-CoA 6 
2 moles succinyl-CoA to 2 moles malate 5 
2 moles malate to 2 moles phosphoenolpyruvate 5 2 
2 moles phosphoenolpyruvate to 1 mole glucose 5 
1 mole glucose to CO2 + H20 30 
Total 40 13 
Net gain of ATP 27 


There is thus a net gain of 13.5 moles of ATP per mole of propionic acid. 

Small amounts of propionic acid are present in the peripheral blood supply. They 
may arise because of incomplete removal by the liver or from oxidation of fatty acids 
with an odd number of carbon atoms. Such propionate could conceivably be used di- 
rectly for energy production. The pathway would be the same as that described as far 
as phosphoenolpyruvate. This would then follow glycolysis via pyruvate, acetyl-coen- 
zyme A and the tricarboxylic acid cycle. The balance sheet for this process is: 


ATP + ATP — 

1 mole propionate to 1 mole succinyl-CoA 3 

1 mole succinyl-CoA to 1 mole malate 2.5 

1 mole malate to 1 mole phosphoenolpyruvate 2.5 1 

1 mole phosphoenolpyruvate to 1 mole acetyl-CoA 3.5 

1 mole acetyl-CoA to CO; + H,O 10 

Total 18.5 4 
Net gain of ATP per mole of propionic acid 14.5 


Therefore, this pathway is marginally more efficient than that via glucose. 


Butyric acid as an energy source 


Butyric acid produced in the rumen is converted to B-hydroxybutyrate (D-3- 
hydroxybutyrate) during absorption across the ruminal and omasal walls. The path- 
way for this conversion is shown in Fig. 9.8. 

The D-3-hydroxybutyrate may then be used as a source of energy by a number of 
tissues, notably skeletal and heart muscle. In non-ruminant animals, but not rumi- 
nants, utilisation by the brain increases markedly under conditions of glucose short- 
age. The reactions involved in energy production are shown in Fig. 9.9. 
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Fig. 9.8 Production of 3-hydroxybutyrate from butyrate. 


The acetyl-coenzyme A is metabolised via the tricarboxylic acid cycle. We 
may calculate the energy released from butyrate by the synthetase pathway as 


follows: 

ATP + ATP — 
1 mole butyrate to 1 mole D-3-hydroxybutyrate 4 4.5 
1 mole D-3-hydroxybutyrate to 2 moles acetyl-CoA 2.5 2 
2 moles acetyl-CoA to CO2 + H20 20 
Total 26.5 6.5 
Net gain of ATP per mole butyrate 20 
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Fig. 9.9 Formation of acetyl-coenzyme A from p-3-hydroxybutyrate. 


If the change of acetoacetate to acetoacetyl-coenzyme A takes place via the 
succinyl-coenzyme A pathway, there is a saving of two moles of ATP and the net gain 
per mole of butyric acid is equivalent to 22 high-energy phosphate bonds. However, 
the energy cost of producing succinyl-coenzyme A has to be taken into account, and 
this pathway is then slightly less efficient than the other. 


Acetic acid as an energy source 


Acetic acid is the major product of carbohydrate digestion in ruminants and is the 
only volatile fatty acid present in the peripheral blood in significant amounts. It is 
used by a wide variety of tissues as a source of energy. The initial reaction in this case 
is conversion of acetate to acetyl-coenzyme A in the presence of acetyl-coenzyme A 
synthetase: 


CH3 H CH3 
> — — = + HO 
ATP AMP 
+PP; 
COO-` S.CoA COS.CoA 
Acetate Coenzyme A Acetyl-coenzyme A 


The formation of the acetyl-coenzyme A takes place in the cell cytoplasm, whereas 
the oxidation via the tricarboxylic acid cycle is confined to the mitochondrial matrix. 
The acetyl-coenzyme A is unable to cross the mitochondrial wall and has to be com- 
plexed with carnitine to achieve this. Within the mitochondrial matrix, the complex is 
broken down, releasing acetyl-coenzyme A, which then enters the tricarboxylic acid 
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cycle and is oxidised to yield 10 moles of ATP per mole. Since two high-energy phos- 
phate bonds are used in the initial synthetase-mediated reaction, the net yield of 
ATP is 8 moles per mole of acetate. 


Fat as an energy source 


The store of triacylglycerol in the body is mobilised to provide energy by the action 
of lipases, which catalyse the production of glycerol and fatty acids. The glycerol is 
glycogenic and enters the glycolytic pathway (see Fig. 9.4) as dihydroxyacetone 
phosphate, produced as shown in the following reactions: 


CH20H CH20H 

f | Glycerol-3-phosphate | CH2OH 
| Glycerol kinase dehydrogenase 
CHOH CHOH CO 
| j 
chon ATP ADP ¢CH,0~® NAD: v c0-® 

(+H°) 
Glycerol L-Glycerol- Dihydroxyacetone 
3-phosphate phosphate 


Glucose may then be produced by the reverse of the aldolase reaction to give 
fructose-1,6-diphosphate, which is then converted to glucose by the action of hexose 
diphosphatase, glucose-6-phosphate isomerase and glucose-6-phosphatase. If the 
glucose is used to produce energy, we may assess the efficiency of glycerol as an 
energy source: 


ATP + ATP — 
2 moles glycerol to 2 moles dihyrdoxyacetone phosphate 5 2 
2 moles dihyrdroxyacetone phosphate to 1 mole glucose 
1 mole glucose to CO; + H;O 30 
Total 35 2 
Net yield of ATP per mole glycerol 16.5 


On the other hand, the dihydroxyacetone phosphate may enter the glycolytic 
pathway and be metabolised via pyruvate and the tricarboxylic acid cycle to carbon 
dioxide and water, with energy being released. The efficiency of glycerol as an en- 
ergy source under these circumstances may be assessed as follows: 


ATP + ATP — 
1 mole glycerol to 1 mole dihydroxyacetone phosphate 2.5 1 

1 mole dihydroxyacetone phosphate to 1 mole pyruvate 4.5 

1 mole pyruvate to CO2 + H>O 12.5 

Total 19.5 1 
Net yield of ATP per mole glycerol 18.5 


207 


Chapter 9 Metabolism 


208 


Fatty acid R.(CH2)p.CH2.CH2.COO- 


HS.CoA 
ke Fattyacyl-CoA ligase 
2PP; + AMP Y H20 


Acyl-CoA R.(CH2)p.CH2.CH2.COS.CoA 


FAD 
D Acyl-CoA dehydrogenase 
FADH- Y 


Enoyl-CoA R.(CH>)p.CH:CH.COS.CoA 


H20 _ Enoyl-CoA hydratase 


Y 
B-Hydroxyacyl-CoA —R-(CH2)n-CHOH.CH2.COS.CoA 


NAD* 
NADH D B-Hydroxyacyl-CoA 
(+H*) dehydrogenase 
Y 
B-Ketoacyl-CoA R.(CH>)x.CO.CH2.COS.CoA 


HS.CoA N Acetyl-CoA acyl transferase 


Y 
R.(CH2)x.COS.CoA + CH3COS.CoA 


Acyl-coenzyme A Acetyl-coenzyme A 


Fig. 9.10 Oxidation of fatty acids to acetyl-coenzyme A. 


By far the most important source of energy provided by triacylglycerols is derived 
from the fatty acids. The major pathway for fatty acid degradation is B-oxidation, 
which results in a progressive shortening of the carbon chain by removal of two car- 
bon atoms at a time. The first stage of B-oxidation is the reaction of the fatty acid 
with coenzyme A in the presence of ATP and fattyacyl-CoA ligase to give an acyl- 
coenzyme A. This occurs in the cell cytoplasm; the fattyacyl-CoA is then transferred 
into the mitochondria as a complex with carnitine and is regenerated there. It then 
undergoes a series of reactions to give an acyl-coenzyme A with two less carbon 
atoms than the original and a mole of acetyl-CoA is released. The pathway is illus- 
trated in Fig. 9.10. 

During the splitting off of the two-carbon acetyl-coenzyme A, the equivalent of 
4 moles of ATP is produced. The remaining acyl-coenzyme undergoes the same series 
of reactions and the process continues until the carbon chain has been completely 
converted to acetyl-coenzyme A. This enters the tricarboxylic acid cycle and is oxi- 
dised to carbon dioxide and water, each mole of acetyl-CoA so metabolised giving 
10 moles of ATP. Since the initial ligase reaction is necessary only once for each 
molecule, more ATP is produced for the same expenditure of energy by the oxida- 
tion of long- rather than short-chain acids. The oxidation of the 16-carbon palmitate 
is illustrated in Fig. 9.11. 
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Palmitate 


ATP | *—— AMP 


Y 
Palmitoyl-CoA 


—— > Acetyl-CoA 


A 


Y 
Myristoyl-CoA 


FN] <M Acetyl-CoA 
Y 


Lauryl-CoA 


A 


PEN] <— M> Acetyl-CoA 
Caproyl-CoA 


LINIJ M Acetyl-CoA 

Y 
Capryloyl-CoA 

PVN] <— > Acetyl-CoA 


Y 
Caprooyl-CoA 


4ATP —— Acetyl-CoA 


Butyroyl-CoA 


4ATP -——\—- Acetyl-CoA 


Acetyl-CoA 


Fig. 9.11 B-Oxidation of palmitate. 


The energy production in this sequence may be summarised as follows: 


ATP + ATP — 
1 mole palmitate to palmitoyl-CoA 2 
1 mole palmitoyl-CoA to 8 moles acetyl-CoA 28 
8 moles acetyl-CoA to CO3 + H2O 80 
Total 108 2 
Net gain of ATP per mole of palmitate 106 


Amino acids as sources of energy 


When amino acids are available in excess of the animal’s requirements, or when the 
animal is forced to break down body tissues to maintain essential body processes, 
amino acids may be catabolised to provide energy. This is important in dogs and 
cats, which have been shown to be healthy on a carbohydrate-free diet. In animal 
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tissues amino acid degradation takes place mainly in the liver, although the kidney 
also shows considerable activity. Muscle tissue is relatively inactive. 

The first stage in the oxidative degradation of amino acids is the removal of the 
amino group by one of two main pathways, oxidative deamination or transamina- 
tion. In transamination the amino group is transferred to the a-carbon atom of a keto 
acid, usually a-ketoglutarate, resulting in the production of another keto acid and 
glutamate. The reactions are catalysed by enzymes known as aminotransferases. The 
reaction for aspartate may be represented as: 


NH3 O Aspartate O NH3 
|! aminotransferase | |! 
CH.COO + CCOO — 5 CCOO + CH.COO- 


| | — — = | 
CH>.COO- CH2 CH2.C007 CH2 
| | 
CH2.C007 CH2.C007 
Aspartate o-Ketoglutarate Oxalacetate Glutamate 


The glutamate so formed, as well as that which becomes available from the diges- 
tive tract and from protein breakdown in the tissues, may undergo oxidative deami- 
nation in the presence of glutamate dehydrogenase: 


NH3* NADH e) 
NAD* H2O (git | 


CH.COO- | | Á C.COO- 


| + NH,t 
CH> Glutamate dehydrogenase cH; 
| | 
CH2.COO- CH2.COO- 
Glutamate a-Ketoglutarate 


The a-ketoglutarate may then be used in further transaminations and the reduced 
coenzyme is oxidised by oxidative phosphorylation (see p. 196). Glutamate is the 
only amino acid in mammalian tissue that undergoes oxidative deamination at an ap- 
preciable rate. The initial transaminations that give rise to it are therefore of major im- 
portance when amino acids are being used as sources of energy. Flavin-linked D- and 
L-amino acid oxidases, which catalyse the production of keto acids and ammonia, do 
exist but are of minor importance only. The final product of amino acid degradation 
is acetyl-coenzyme A, which is then processed via the tricarboxylic acid cycle to 
yield energy. The acetyl-CoA may be produced directly (as in the case of tryptophan, 
leucine and isoleucine), via pyruvate (alanine, glycine, serine, threonine and cys- 
teine) or via acetoacetyl-CoA (phenylalanine, tyrosine, leucine, lysine and trypto- 
phan). Other amino acids are degraded by pathways of varying complexity to give 
products such as a-ketoglutarate, oxalacetate, fumarate and succinyl-CoA, which 
enter the tricarboxylic acid cycle and yield acetyl-CoA via phosphoenolpyruvate 
(see p. 200). 

One of the consequences of amino acid catabolism is the production of ammonia, 
which is highly toxic. Some of this may be used in amination during amino acid syn- 
thesis in the body. In this case, ammonia reacts with a-ketoglutarate to give glutamate, 
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which is then used for protein synthesis. The reaction is the reverse of oxidative deam- 
ination, except that NADP* takes the place of NAD+. However, most of the ammonia 
produced is excreted from the body as urea in mammals and uric acid in birds. 

Deamination of amino acids occurs in all the organs of the body but primarily in 
the liver. In most other tissues the ammonia is converted to glutamine or alanine (in 
muscle) before being transported to the liver and regenerated. In mammals the am- 
monia is then converted into urea. This is a two-stage process requiring a supply of 
energy in the form of ATP. The first stage is the formation of carbamoyl phosphate 
from carbon dioxide and ammonia in the presence of carbamoyl phosphate 
synthetase: 


Carbamoyl phosphate o 
synthetase 
CO2 + NH4t + H20 7 > NH,—C.0~® 
2ATP 2ADP 
+P; 


The carbamoyl phosphate then reacts with ornithine to start a cycle of reactions re- 
sulting in the production of urea (Fig. 9.12). 

The aspartate entering the cycle is produced by reaction of glutamate with ox- 
alacetate, the former being produced from a-ketoglutarate plus ammonia released 
by deamination of an amino acid. The oxalacetate is derived from the fumarate re- 
leased in the production of arginine from arginosuccinate, which enters the tricar- 
boxylic acid cycle and is converted to malate and then oxalacetate. We then have a 
second associated cycle linking the urea and the tricarboxylic acid cycles, which may 
be visualised as shown in Fig. 9.13. 

In ruminant animals, ammonia is absorbed directly from the rumen and under- 
goes the same series of reactions. Most of the urea is excreted, but a certain amount, 
depending upon the nitrogen status of the animal, is recycled via saliva and directly 
across the rumen wall. 


Ornithine 

Urea Carbamoyl 

phosphate 

; Ornithine 
A 2+ 
noe carbamoyl Mg 
H20 transferase 
Arginine Citrulline 


Arginosuccinate Arginosuccinate 
lyase synthetase 


Fumarate 


Arginosuccinate 


Fig. 9.12 The urea cycle. 
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Arginine Urea Citrulline 


ee, 


Arginosuccinate 
Y 
Fumarate ia aia 
i Amino acid 
i a-Ketoglutarate 
4 NH,* 
i NADH + H* 
' TCA Glutamate 
' cycle dehydrogenase 
' Glutamate H>O + NAD* 
` Y 
\ Malate Oxalacetate 


NAD+ NADH + H+ : 


Fig. 9.13 Linkage of the urea and tricarboxylic acid cycles. 


In assessing the efficiency of energy production from amino acids, the energy 
needed for urea synthesis must be set against that obtained by oxidation of the car- 
bon skeleton of the acid. If we take aspartate as an example, this is first converted to 
oxalacetate and glutamate by reaction with a-ketoglutarate. The oxalacetate is oxi- 
dised via the phosphoenolpyruvate pathway and the tricarboxylic acid cycle. The 
glutamate is deaminated to regenerate a-ketoglutarate and the ammonia released is 


converted to urea. A balance sheet may be prepared: 


ATP + ATP — 
2 moles aspartate to glutamate + oxalacetate 0 0 
2 moles glutamate to a-ketoglutarate + ammonia 5 0 
2 moles ammonia to glutamine 0 2 
1 mole ammonia to carbamoyl phosphate 0 2 
1 mole citrulline to arginosuccinate 0 2 
1 mole malate to oxalacetate 2.5 0 
1 mole ammonia to aspartate 0 2.5 
2 moles oxalacetate to carbon dioxide and water 20 0 
Total 27.5 8.5 
Net gain from 2 moles of aspartate 19 

9.5 


Net gain from 1 mole of aspartate 


9.2 
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In birds, ammonia is excreted as uric acid. This involves the incorporation of am- 
monia into glutamine by reaction with glutamate: 


NH3* NH3* 

| Glutamine synthetase | 

CH.COO- ‘a > CH.COO- 

| + NH ) 

CH> ATP ADP CH2 

| +Pi 

CH2.C007 CH2.CONH2 
Glutamate Glutamine 


Glutamine is then involved in a series of reactions with ribose-5-phosphate, glycine 
and aspartate to give inosinic acid, which contains a purine nucleus. This series of 
reactions may be represented as follows: 


8 ATP 


2 Glutamine + Glycine + Aspartate A Inosinic acid + Fumarate 


The ribose-5-phosphate residue is then removed, giving hypoxanthine, which 
undergoes two xanthine-oxidase-mediated oxidations to give xanthine and then 
uric acid (Fig. 9.14). 

Elimination of 2 moles of ammonia results in a net loss of 6 moles of ATP; in ad- 
dition, 2 moles of glutamate, 1 mole glycine and 1 mole aspartate are used up and 
1 mole fumarate is produced. 


PROTEIN SYNTHESIS 


Proteins are synthesised from amino acids, which become available either from the 
end products of digestion or as the result of synthetic processes within the body. 


Direct amination may take place as in the case of o-ketoglutarate, which yields 
glutamate: 


o NH3 

| 

C.COO- CH.COO- 

| + NH4* + NADPH(+H*) Z——— | + NADPt + H>O 
ith Glutamate CH2 

CH>.COO- dehydrogenase cy, coo- 

a-Ketoglutarate Glutamate 
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| |! J 
CH C 
`,“ N 


Inosinic acid | 
Ribose-5-® 
Ribose-5-@ Phosphorylase 


Hypoxanthine 


Oz + H> 
Xanthine oxidase 
H202 
(0) 
| 
C N 
7 
NH c“ ScH 
| | 
O=C C 
a 
``,“ N 
H H 
Xanthine 
Oz + H> 
Xanthine oxidase 
H202 
(0) 
! 
H 
Pa 
NHI œc Nœc=o 
| | 
O=C C 
~ N "s N 
H H 
Uric acid 


Fig. 9.14 Conversion of inosinic acid to uric acid. 


The glutamate may undergo further amination to give glutamine but, more im- 
portantly, may undergo transamination reactions with various keto acids to give 
amino acids as shown in Fig. 9.15. 
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Glutamate 
Pyruvate 3-Phosphohydroxypyruvate 
: . Oxalacetate Phosphoserine transaminase 
Alanine-amino transferase 
Aspartate o-Ketoglutarate 
o-Ketoglutarate J amino transferase 
a-Ketoglutarate 
Y 
Alanine Aspartate Phosphoserine 
Asparagine synthetase Phosphoserine 
phosphatase 
ADP 
Asparagine Serine 


Fig. 9.15 Amino acid synthesis from glutamate. 


Amino acids other than glutamate may undergo such transaminations to produce 
new amino acids. Thus, both alanine and glycine react with phosphohydroxypyru- 
vate to give serine: 


Alanine Glycine 


Serine-pyruvate- 3-Phosphohydroxypyruvate 


amino transferase 


Serine-glyoxalate- 
amino transferase 
CH20H 


CH.NH3* 


COO-` 


Pyruvate Glyoxalate 


Serine 


Glutamate is the source material of proline, which contains a five-membered ring 
structure. The synthesis of proline takes place in two stages and requires energy in 
the form of reduced NAD* and NADP*: 


COO- 
NADH NADPH 
ners (+H*) | NAD Wo te (+H) b n ae 
L R: a jxH.cOO” ot /CH.coo- 
H2 \ 
| N NH 
coo- ATP ADP 
Glutamate A'-Pyrroline 5-carboxylate Proline 


Amino acids may also be formed by the reaction of keto acids with ammonium 
salts or urea; arginine, as we have already seen, may be synthesised during the for- 
mation of urea. 

Not all amino acids are capable of being synthesised in the body, and others are 
not synthesised at sufficient speed to satisfy the needs of the body. Both these 
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groups have to be supplied to the animal. Such amino acids are known as essential 
or indispensable amino acids (see Chapter 4). The words ‘essential’ and ‘indispensa- 
ble’, as used here, imply not that other amino acids are not required for the well- 
being of the animal but simply that a supply of them in the diet is unnecessary. All of 
the 25 amino acids normally found in the body are physiological essentials; some 10 
or 11 are dietary essentials. As would be expected, the actual list of essential amino 
acids differs from species to species. In cattle and sheep, bacterial synthesis of amino 
acids in the rumen renders the inclusion of any specific amino acids in the diet un- 
necessary, except under conditions of intensive production, as with high-yielding 
dairy cows and small animals making high weight gains. 

Amino acids are absorbed from the gut into the bloodstream by active transport 
and transferred to the cells. This requires a supply of energy, since the concentration 
of amino acids in the cell may be up to 100 times that in the blood and transfer into 
the cell has to take place against a very considerable concentration gradient. A con- 
tinuous exchange takes place between the blood and cellular amino acids, but not 
between the free amino acids and those of the tissue proteins. The tissue proteins 
themselves undergo breakdown and resynthesis, but their stability varies between 
different tissues. For example, liver protein has a half-life of 7 days whereas collagen 
is so stable that it may be considered to be almost completely inert. 

The process of protein synthesis may be divided conveniently into four stages: 
activation of individual amino acids, initiation of peptide chain formation, chain 
elongation and chain termination. 


Activation 


The first step is enzymatic and requires the presence of ATP to give complexes: 


Amino acid + + enzyme ——> Aminoacyl-AMP-enzyme + 
pyrophosphate 


The amino-acyl group is then coupled to a molecule of transfer RNA (tRNA): 
Aminoacyl-AMP-—enzyme + tRNA ——— Aminoacyl-tRNA + AMP + enzyme 


Both reactions are catalysed by a single Mg**-dependent aminoacyl synthetase, 
specific for the amino acid and the tRNA. The synthetases discriminate between the 
20 naturally occurring amino acids but the specificity is not absolute. The tRNA mol- 
ecule is composed of a single nucleotide chain containing 73-93 ribonucleotides 
(see Chapter 4) and exhibits considerable folding stabilised by hydrogen bonding. 
At one end of the chain is the final nucleotide arrangement of -C—-C—A—OH, i.e. 
cytidine-cytidine—-adenosine. The amino acid is attached to the ribose of the terminal 
adenosine. The other end of the chain frequently terminates in the nucleotide guano- 
sine. We may visualise a typical tRNA molecule as shown in Fig. 9.16. 

There is at least one tRNA for each amino acid but only one amino acid for a given 
tRNA. Since the terminal regions of the various tRNA species are so similar, their speci- 
ficity resides within the interior of the molecules. This arrangement consists of a se- 
quence of three bases (anticodon), present in the anticodon loop near the centre of the 
chain, the nature and arrangement of which are specific for a particular amino acid. 

When the amino acid has been coupled to the tRNA it is carried to one of the 
sites of protein synthesis, the ribosomes. These form part of the structures known as 
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Adenosine 
| 
Cytidine 


Guanine cCytidine 


Hydrogen bonds 


Fig. 9.16 Diagramatic representation of a tRNA molecule. 


polysomes in which several ribosomes are linked by a strand of messenger RNA 
(mRNA). It is the sequence of bases on this mRNA strand, originally transcribed 
from the nuclear DNA, that dictates the amino acid sequence in the primary struc- 
ture of the protein to be synthesised. A particular amino acid will be placed at the 
mRNA surface at a point having a specific arrangement of three bases, i.e. there is a 
base triplet code, known as a codon, for each amino acid. The tRNA carrying the 
specific amino acid for a particular codon will have a complementary arrangement 
of three bases known as an anticodon. There are 64 possible base triplet combina- 
tions, and 61 of these have been shown to code for the 20 amino acids involved in 
protein synthesis. There is thus more than one codon for each amino acid. However, 
any one codon codes only for one amino acid. The codons for individual amino acids 
have been elucidated and some examples are provided in Table 9.2. 


Table 9.2 Examples of known codons on mRNA 


Codon Amino acid 
UUU Phenylalanine 
UUA Leucine 

UCC Serine 

UCA Serine 

CCC Proline 

CGA Arginine 
AGC Serine 

AGA Arginine 
UGA Stop 


A = adenine, C = cytosine, G = guanine, U = uracil. 
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n+l n42 
Phase 1 


n n+ n+2 


n n+ n42 n+l n+2 n+3 
Phase 2 Phase 3 Phase 4 Phase 5 


Fig. 9.17 Diagramatic representation of the sequence of events occurring in the 
ribosome during the process of polypeptide synthesis. 


Initiation of peptide chain formation 


The ribosomes of higher animals consist of two subunits designated 40S (Svedberg 
units) and 60S, according to their sedimentation characteristics in an ultracentrifuge. 
These combine to form a functional 80S ribosome. 

Initiation of peptide formation involves attachment of the smaller subunit to a 
tRNA and the mRNA. The first tRNA codes for methionine and is placed at an AUG 
codon (n) at the end of the mRNA chain (Phase 1 of Fig. 9.17). 

The larger subunit becomes attached to form the complete ribosome, which is 
then ready to accept the next tRNA-amino acid complex at codon n+ 1 (Phase 2). 
The insertion of each amino acid residue requires the expenditure of one high- 
energy phosphate bond, as GTP. 


Chain elongation 


The requisite amino acid (AA2) is then placed at codon n + 1 by its specific tRNA, as 
shown in Phase 3 in Fig. 9.17.A peptide bond is then formed between AA1 (methio- 
nine) and AA2, and the tRNA for methionine is simultaneously ejected (Phase 4). The 
ribosome and the mRNA then move relative to one another; codon n + 1 is placed at 
the position previously occupied by codon n and codon n + 2 moves into that previ- 
ously occupied by n + 1, as shown in Phase 5.The process is then repeated, with AA3 
being placed at n + 2, followed by formation of a peptide bond and movement of the 
ribosome to expose codon n + 3. This continues until the chain is complete; each 
movement requires the expenditure of one high-energy bond in the form of GTP. 


Termination 


Chain elongation continues until a codon is reached that does not code for any 
amino acid, i.e. UAA, UAG or UGA. It then ceases and the formed peptide chain is 
liberated by hydrolysis, which requires the rupture of one high-energy phosphate 
bond in GTP. The methionine residue is then removed enzymatically. 
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The polypeptide is the primary structure of the protein. The secondary structure 
involves twisting of the polypeptide chain to produce either an a-helix or a 
8-pleated sheet, both stabilised by hydrogen bonding. The tertiary structure involves 
extensive coiling and folding of the chain and is again stabilised by hydrogen bond- 
ing, salt linkages and sulphur bridges. The quaternary structure involves polymerisa- 
tion of these basic units (see Chapter 4). 

The mRNA forms a small proportion of the cell’s RNA and has only a transient 
existence. In some microorganisms it may function as a template in synthesis 10-20 
times only; in mammalian tissues its active life may be much longer and in some 
cases it may persist for several days. 

The mechanism of protein synthesis discussed above does not involve addition of 
amino acids to preformed peptides; synthesis starts with an amino acid and a 
polypeptide chain is synthesised by the successive addition of single amino acids. 
Unless all the amino acids required to synthesise the peptide are present at the right 
time, synthesis will not take place and the amino acids that are present are removed 
and may be catabolised. Considerable wastage of amino acids may thus take place if 
an incomplete mixture is presented for synthesis. 


Energy cost 


During protein synthesis, energy is provided by hydrolysis of ATP and GTP, the pro- 
duction of each mole requiring the expenditure of 85.4 kJ by the body. If we make 
certain assumptions, then an estimate of the energetic efficiency of protein synthesis 
may be made. Let us assume that the average gram molecular weight of amino acids 
in a given protein is 100. In such a protein, the number of amino acids is large, say n, 
and the number of peptide bonds will be z — 1 but may be taken for all practical pur- 
poses as n. We may now construct an energy balance sheet as follows: 


Energy expended (kJ) Energy stored (kJ) 


100 g amino acid 2437 

2 moles ATP (activation) 170.8 

1 mole GTP (initiation) 85.4 

1 mole GTP (elongation) 85.4 

1 mole GTP (termination) 85.4 

100 g protein aera 2437 
2864 2437 


Energetic efficiency = 2437/2864 = 0.85 


NB The calculation assumes synchronous provision of the required amino acids; efficiency is 
probably much less under normal conditions. 


FAT SYNTHESIS 


The glycerides (triacylglycerols) of the depot fat are derived from preformed glyc- 
erides or may be synthesised in the body from fattyacyl-CoAs and L-glycerol-3- 
phosphate. This can take place in most tissues but is confined mostly to the liver and 
adipose tissue. 
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Recombinant DNA technology allows the spitting off of a DNA fragment containing a gene of inter- 
est and its linkage to a DNA molecule capable of self-replication. This can then be propagated by in- 
troduction into a living cell, such as a bacterium, and the characteristics for which the gene codes 
conferred to that cell. Early successes of this technique included the cloning and expression in 
Escherichia coli of a gene coding for human insulin, and the gene coding for rat growth hormone in 
mice. Such genetically modified animals are known as transgenic animals. 

The introduction of genes that alter inherent biochemical pathways in organisms may be of sig- 
nificant interest in the nutrition of animals, since it could confer to them some ability that they did 
not previously possess such as producing essential nutrients. For example: 


The amino acid cysteine is essential for wool growth in sheep, which need a source of methionine 
to synthesise it. Certain bacteria have the ability to synthesise cysteine, with the pathway involv- 
ing the action of two enzymes, serine transacetylase and O-acetylserine sulphydralase. The 
genes coding for these enzymes have been successfully introduced into sheep, which then ex- 
press the appropriate pathways but, so far, only in inappropriate tissues. 
Genes for biosynthesis of the essential amino acids threonine and lysine from aspartate have 
been successfully introduced into mouse cells as a preliminary to their introduction into the pig 
genome. 

a Transgenic mice have been produced that show pancreatic cellulase activity. The potential impor- 
tance of this achievement for improving digestion in monogastric animals is self-evident. 
Gene transfer has already been used to introduce cellulase activity into hind gut bacteria. If the 
ability to show cellulase activity under highly acid conditions could be conferred to rumen 
microorganisms, then it could have a significant effect in ameliorating the detrimental effects of 
high-level concentrate feeding on fibre digestion and forage intake. The transgenic organisms 
would of course have to compete with the native rumen flora if they were to be successful in 
practice. 


Synthesis of fattyacyl-CoAs 


It is generally considered that there are three systems of fatty acid synthesis. The 
first, which is highly active, is centred in the cell cytoplasm and results mainly in the 
production of palmitate from acetyl-coenzyme A or butyryl-coenzyme A. Nearly all 
other fatty acids are produced by modification of this acid. The second system occurs 
chiefly in the endoplasmic reticulum and to a minor extent in the mitochondria. It 
involves elongation of fatty acid chains by two-carbon addition, with malonyl-CoA 
as donor. The third system, confined to the endoplasmic reticulum, brings about 
desaturation of preformed fatty acids. 


Cytosolic synthesis of palmitate 


In non-ruminant animals, acetyl-coenzyme A is mainly produced in the mitochon- 
dria by oxidative decarboxylation of pyruvate produced from glucose by glycolysis 
(see p. 199), but also by oxidative degradation of amino and fatty acids. It must then 
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be transported into the cell cytoplasm for fatty acid synthesis to take place. How- 
ever, the mitochondrial membrane is impervious to acetyl-CoA, which has to be 
complexed with carnitine or changed to citrate before transport into the cytoplasm. 
Regeneration of acetyl-CoA then takes place as follows: 


ATP-citrate lyase 


Citrate + S N ae Acetyl-CoA + Oxalacetate 


ATP ADP 


In the ruminant animal, acetate is absorbed directly from the gut and is changed 
to acetyl-CoA, in the presence of acetyl-CoA synthetase (see p. 206), in the cell cy- 
toplasm. This is the major source of acetyl-CoA in ruminants, in which ATP-citrate 
lyase activity is greatly reduced and passage of mitochondrial acetyl-CoA to the 
cytoplasm is limited. 

The system is active in liver, kidney, brain, lung, mammary gland and adipose tis- 
sue. The requirements of the system are reduced NADP*, ATP, HCOs as a source of 
carbon dioxide, and manganese ions. The first stage is the transformation of acetyl- 
coenzyme A to malonyl-coenzyme A: 


COOH 
Acetyl-CoA carboxylase | 
CH; + [ATP] + HoO + CO, > CH, + ADP + Pi 
Mn” | 
COS.CoA COS.CoA 


The malonyl-coenzyme A then reacts with acyl-carrier protein (ACP), in the pres- 
ence of malonyl-CoA-ACP transacylase, to give the malonyl-ACP complex. Acetyl- 
coenzyme A is then coupled with ACP in the presence of acetyl-CoA-ACP 
transacylase, and this reacts with the malonyl—ACP, the chain length being increased 
by two carbon atoms to give the butyryl-ACP complex. The reactions involved are 
shown in Fig. 9.18. 

The butyryI-ACP complex then reacts with malonyl-ACP complex, resulting in 
further elongation of the chain by two carbon atoms to give caproyl-ACP. Chain 
elongation takes place by successive reactions of the fattyacyl-ACP complexes with 
malonyl-coenzyme A until the palmitoyl-ACP complex is produced, when it ceases. 
Palmitic acid is liberated by the action of a specific deacylase. The overall reaction 
can be presented as: 


CH3.COS.CoA + 7COO~.(CH2)COS.CoA + 14NADPH(+H*) 


Acetyl-CoA Malonyl-CoA 


CH3.(CH2)14.COO7 + 7CO2 + 14NADP* + 6H>sO + 8HS.CoA 


Palmitate Coenzyme A 
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COOH.CH2.COS.ACP T CH3.COS.ACP 
Malonyl-ACP Acetyl-ACP 


B-Ketoacyl-ACP synthase 
CO2 


CH3.CO.CH2.COS.ACP 


Acetoacetyl-ACP 


NADPH(+H*) 


B-Ketoacyl-ACP reductase 


NADP+ 


CH3.CHOH.CH2.COS.ACP 


B-Hydroxybutyryl-ACP 


Crotonyl-ACP hydratase 
H2O 


CH3.CH.CH.COS.ACP 
Crotonyl-ACP 


NADPH(+H*) 
Enoyl-ACP reductase 


NADP+ 
CH3.CH2.CH2.COS.ACP 


Butyryl-ACP 


Fig. 9.18 Cytosolic synthesis of fatty acids. 


In assessing the energy requirements of the process, the energy cost of producing 
malonyl-coenzyme A from acetyl-coenzyme A must be taken into account and can 
be presented as: 


8Ac-CoA + 7ATP + 14NADPH(+H+*) 


| 


Cı5sH31.C007 + NADP* + 7ADP + 6H>O + 7P; 


The mammary gland contains deacylases specific for short- and medium-chain 
acyl complexes, and acids of these chain lengths appear in milk fat. 


Chain elongation 


This system involves the incorporation of two carbon units into medium- and long- 
chain fatty acids and requires ATP and reduced NADP *. The pathway is illustrated in 
Fig. 9.19. 
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R.CH2.COO- 
Fatty acid 


ATP 


Coenzyme A 
AMP Acyl-CoA ligase 


+PP; 


R.CH2.COS.CoA 
Fatty acyl-coenzyme A 


Malonyl-CoA 


B-Ketoacyl-CoA synthase 
Coenzyme A 


R.CH2.CO.CH2.COS.CoA 
B-Ketoacyl-coenzyme A 


NADPH (+H*) 
B-Ketoacyl-CoA reductase 


NADP* 


R.CH2.CHOH.CH2.COS.CoA 
B-Hydroxyacyl-coenzyme A 


Enoyl-CoA hydratase 


H20 


R.CH2.CH:CH.COS.CoA 
Enoyl-coenzyme A 


NADPH (+H*) 
2,3-Unsaturated acyl-CoA reductase 


NADP* 


Fatty acyl-coenzyme A 


Fig. 9.19 Elongation of the fatty acid chain. 


The preferred substrate is palmitoyl-CoA, and in most tissues the product is 
stearate. Long-chain saturated acids with 18, 20, 22 and 24 carbon atoms are synthe- 
sised in the brain, where they are required as components of the brain lipids. 

A mitochondrial system for elongation of fatty acid chains, using acetyl-CoA as 
the two-carbon donor does exist but has limited activity with acyl-CoA substrates 
with 16 or more carbon atoms and is probably concerned with the lengthening of 
shorter chains. 


Desaturation of preformed fatty acids 


Double bonds may be introduced into fatty acid chains by the action of fattyacyl- 
CoA desaturases present in the endoplasmic reticulum. Thus, palmitoleic and oleic 
acids are produced from the corresponding saturated acids by a A?-desaturase 
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system, steroyl-CoA desaturase, which introduces a double bond between carbon 
atoms 9 and 10. The system is confined to acids with a chain length of 15 or greater. 


Oz H20 
CH3.(CH2)6-CH2.CH2.(CH2)6.COO7 CH3.(CH2)¢.CH:CH.(CH2)¢.COO- 
NADH NAD* 
(+H*) 
Palmitate Palmitoleate 


Mammalian cells also contain AŠ and A? desaturases but do not have systems 
capable of introducing double bonds beyond carbon atom 9. As a result it is not 
possible for mammalian tissues to synthesise either linoleic acid (18:24% 17) or a- 
linolenic acid (18:339%12,15) These have to be provided in the diet and are referred to 
as essential fatty acids (EFA). Once they have been ingested, a range of acids, includ- 
ing y-linolenic, arachidonic, eicosapentaenoic and docosahexanoic acids, can be syn- 
thesised from them by successive chain elongation and AŠ and/or A? desaturations 
(see Fig. 3.1 in Chapter 3). 


Synthesis of L-glycerol-3-phosphate 


The usual precursor is dihydroxyacetone phosphate produced by the aldolase reac- 
tion of the glycolytic pathway. This is reduced by the NAD-linked glycerol-3- 
phosphate dehydrogenase: 


CH20H CH20H 
C:O Glycerol-3-phosphate CHOH 
dehydrogenase | 
CH,0~® r = CH,0-~® 
NADH NAD* 
(+H*) 
Dihydroxyacetone .-Glycerol- 
phosphate 3-phosphate 


It may also be formed from free glycerol, absorbed from the gut or arising from 
catalysis of triacylglycerols, in the presence of glycerol kinase. The reaction requires 
the expenditure of a high-energy bond as ATP. White adipose tissue does not contain 
significant amounts of glycerol kinase, and so most glycerol phosphate is made avail- 
able by glycolysis. 


Synthesis of triacylglycerols 


The first stage is the acylation, in the presence of glycerol-3-phosphate acyl- 
transferase, of the free alcohol groups of the glycerol-3-phosphate by two molecules 
of fattyacyl-CoA to yield a phosphatidic acid: 
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Ri.COS.CoA HS.CoA 

CH;OH ! J CH>.0CO.R; 
CHOH > CHOH 
CH,0~® CH;)O-@ 


L-Glycerol-3-phosphate 


R2.COS.CoA 


L J > Rises 


Fat synthesis 


HS.CoA 


CH2.OCO.RI 


Monoacylglycerol-3-phosphate 


CH20-® 


Diacylglycerol- 
3-phosphate 


The reaction occurs preferentially with acids containing 16 and 18 carbon atoms. 
The phosphatidic acid is then hydrolysed to give a diacylglycerol, which reacts with 


a third fattyacyl-CoA to give a triacylglycerol: 


CH2OCO.R; Phosphatidate CH>OCO.R: 
| phosphatase | 
CHOCO.R2 ( 1 CHOCO.R2 
cop = Pi HOH 


Diacylglycerol- 
3-phosphate 


Diacylglycerol 


Diacylglycerol 


CH,OCO.R, 


acyltransferase | 


; | 


R3.COS.CoA 


CHOCO.R> 


HS.COA CH OCO.R3 


Triacylglycerol 


Direct synthesis of triacylglycerols from 2-monoacylglycerols, arising from lipid 
digestion in the intestine, takes place in the intestinal mucosa of higher animals. 


Energy cost 


The efficiency of fat synthesis may be calculated from the pathways described. The 
calculation for the synthesis of tripalmitin by the cytoplasmic system would be: 


Energy 
expended 


Energy 
(kJ) stored (kJ) 


8 moles acetate 
8 moles acetate to acetyl-CoA 
7 moles acetyl-CoA to malonyl-CoA 
7 additions of malonyl-CoA 
Energy for 1 mole of palmitate 
Energy for 3 moles palmitate 
0.5 mole of glucose 
0.5 mole glucose to dihydroxyacetone phosphate 
1 mole dihydroxyacetone phosphate to 
1 mole L-glycerol-3-phosphate 
Energy for 1 mole L-glycerol-3-phosphate 
Total energy for 1 mole tripalmatin 
Energy stored in 1 mole tripalmatin 


Efficiency of synthesis = 32 025.0/38 702.1 = 


6996.0 
1366.4 
597.8 
3348.3 
12 308.5 
36 925.5 
1435.0 
85.4 


256.2 
_1776.6 
38 702.1 


0.83 


32 025.0 
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9.4 


CARBOHYDRATE SYNTHESIS 


Glucose 
Glucose is an important substrate and energy source in animal tissues: 


in the metabolism of nervous tissue and erythrocytes; 

as the source of glycerol-3-phosphate for fat synthesis; 

for the maintenance of blood sugar levels; 

for the maintenance of glycogen reserves especially in the liver and muscle; 
as the source of oxalacetate to allow oxidation of acetyl-CoA; 

to allow clearing of lactate and glycerol; 

as the precursor for other carbohydrates. 


In non-ruminant animals, glucose becomes available as the result of carbohydrate di- 
gestion. When this source is inadequate, glucose may be synthesised from a variety of 
non-carbohydrate sources, mainly lactate, glycerol and glucogenic amino acids (gluco- 
neogenesis). In ruminant animals, little or no glucose becomes available as an end prod- 
uct of digestion; the demands for glucose do not, however, differ significantly from 
those of the non-ruminant. As a result ruminant animals have developed highly efficient 
glucose conservation and gluconeogenic mechanisms. As in the non-ruminant, glucose 
may be synthesised from glycerol, lactate and the glucogenic amino acids, but the major 
source is propionate (about 90 per cent of which is used for glucose synthesis). 


Lactate as a source of glucose 


The first step in the production of glucose from lactate is its conversion to pyruvate 
by lactate dehydrogenase: 


CH3 CH3 
| Lactate dehydrogenase | 


CHOH => C:O 
| ( v | 


Coo- NAD* NADH  coo- 


Lactate Pyruvate 


Glucose cannot be produced from pyruvate by a simple reversal of the glycolytic 
sequence since three of the reactions, namely: 


the conversion of glucose to glucose-6-phosphate, 
the conversion of fructose-6-phosphate to fructose 1,6-diphosphate, and 
the conversion of phosphoenolpyruvate to pyruvate, 


are so highly exergonic as to be irreversible under normal cell conditions. 
In gluconeogenesis, the conversion of pyruvate to phosphoenolpyruvate is 
achieved by a two-stage process involving: 


pyruvate carboxylase, which converts pyruvate to oxalacetate (in non-ruminant 
animals the enzyme is located in the mitochondria and conversion of pyruvate to 
oxalacetate can only occur in this location); 

phosphoenolpyruvate carboxykinase, which converts oxalacetate to phospho- 
enolpyruvate. 


Carbohydrate synthesis 


2 Pyruvate 


2 ATP 
p Pyruvate carboxylase 
2 ADP 


2 Oxalacetate 


2 GTP 
p Phosphoenolpyruvate carboxykinase 


2 GDP 
2 Phosphoenolpyruvate 


2 ATP X NADH(+H'*) 
2 ADP NAD* 
Y 


Reverse 
s: lycolysi 
Dihydroxyacetone —— 2 Glyceraldehyde-3-phosphate 9 yco ysis 
phosphate 
Fructose-1-6-bisphosphate 
Pi J Fructose-1-6-bisohosphatase 
Y 
Fructose-6-phosphate 
Reverse 
glycolysis 
Y 
Glucose-6-phosphate 
Pi J Glucose-6-phosphatase 
Y 
Glucose 


Fig. 9.20 Gluconeogenesis from pyruvate. 


The latter may take place in the mitochondria and the phosphoenolpyruvate then 
passes into the cell cytoplasm. Alternatively, oxalacetate may be transferred into the 
cell cytoplasm by means of the glutamate—aspartate shuttle and converted to phospho- 
enolpyruvate by cytoplasmic phosphoenolpyruvate carboxykinase. In the ruminant 
animal, pyruvate carboxylase is located in the cell cytoplasm as well as the mitochon- 
dria, and pyruvate can be changed to phosphoenolpyruvate entirely in the cytoplasm. 

In the cell cytoplasm, the phosphoenolpyruvate is converted to fructose 1,6- 
diphosphate by the reverse of stages 10-5 of the glycolytic sequence (see Fig. 9.4). 
This is then changed to fructose-6-phosphate by fructose-1,6-diphosphatase and 
then to glucose-6-phosphate by the reverse of stage 2. The final change to glucose is 
achieved by glucose-6-phosphatase. The whole process is illustrated in Fig. 9.20. 


Amino acids as sources of glucose 


Catabolism of amino acids, except for leucine and lysine, results in synthesis of tri- 
carboxylic acid cycle intermediates or the production of pyruvate (see p. 210). Con- 
version of the latter into glucose then takes place as shown in Fig. 9.20. The 
tricarboxylic acid cycle intermediates enter the cycle and are converted into malate, 
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which crosses into the cell cytoplasm, where it is converted into oxalacetate by 
malate dehydrogenase: 


COO- COO- 

| Malate dehydrogenase | 

CHOH a = C:O 

S NAD+ NADH (+H*) cH, 

| | 

COO- COO- 
Malate Oxalacetate 


The oxalacetate enters the glucogenic pathway. 


Glycerol as a source of glucose 


Glycerol is first phosphorylated, by glycerol kinase, to glycerol-3-phosphate. This is 
oxidised, by glycerol-3-phosphate dehydrogenase, to dihydroxyacetone phosphate, 
which enters the glucogenic pathway. 


Propionate as a source of glucose 


Propionate is first changed to succinyl-CoA (see Fig. 9.7). This enters the tricar- 
boxylic acid cycle and is converted to malate and leaves the mitochondria as such. 
Conversion to glucose then takes place via the usual route through oxalacetate and 
phosphoenolpyruvate. 

The major pathways of gluconeogenesis are represented in Fig. 9.21. 

Consideration of the energy changes involved in the various metabolic pathways 
shows that it involves a considerable demand for energy (Table 9.3). 

In non-ruminant animals, amino acids and lactate form the major sources for glu- 
coneogenesis; in ruminant animals, propionate is pre-eminent. Under normal feeding 


Propionate Amino acids Lactate Glycerol 
Succinate ——>TCA Pyruvate 


intermediates 


Malate ——» Oxalacetate 


Phosphoenolpyruvate 


Y Y 


Glyceraldehyde-3-phosphate =<—— Dihydroxy-acetone phosphate 


Glucose 


Fig. 9.21 Major pathways of gluconeogenesis. 


Table 9.3 Energy cost of gluconeogenesis 


Carbohydrate synthesis 


Source Input Energy cost (kJ) Energy retained (kJ) Efficiency 
Aspartate 2 moles + 10 ATP 3968 2870 0.72 
Propionate 2 moles + 4 ATP 3248 2870 0.88 
Lactate 2 moles + 6 ATP 3246 2870 0.88 
Glycerol 2 moles — 4 ATP 2982 2870 0.96 


conditions propionate probably provides about 70 per cent of the glucose require- 
ment of ruminant animals, but it becomes of lesser importance as the level of feed- 
ing falls. Under starvation conditions its contribution approaches zero and glycerol 
becomes of major significance in gluconeogenesis. 


Glycogen synthesis 


Glycogen is a complex polysaccharide made up of condensed glucose residues (see 
Chapter 2) and has the ability to add on further glucose units when they become 
available within the body. The actual source material for glycogen synthesis is uri- 
dine diphosphate glucose (UDPG), which is produced from a variety of sources as 
shown in Fig. 9.22. 

Glycogen is produced by the reaction of uridine diphosphate glucose with primer 
molecules, the most active of which is glycogen itself. Molecules with as few as four 
glucose residues may serve as primers, but the reaction rate is slow. As the complex- 
ity of the primer increases, so does the reaction rate. Synthesis involves the reaction 


Galactose Glucose Fructose Mannose 
ATP ATP ATP 
Glucokinase Fructokinase Mannokinase 
ti I ADP ADP. 
+Pi Y +Pi +Pi 
Glucose- Fructose- Mannose- 


Galactokinase 6-phosphate 6-phosphate 6-phosphate 


ADP 
+ Pi 
Phosphoglucomutase 


Y Y 


Glucose- 
1-phosphate 


Galactose-1-phosphate 
uridyltransferase 


Glucose-1-phosphate 
uridyltransferase 


UDP glucose- 
4-epimerase 


Y 
Uridine 
diphosphate galactose 


Uridine 
diphosphate glucose 


Fig. 9.22 Formation of uridine diphospate glucose. 
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of uridine diphosphate glucose with the fourth hydroxyl group of the non-reducing 
end of the primer chain in the presence of glycogen synthase: 


Glycogen synthase 


UDP-glucose + (glucose), æ (glucose),+1 + UDP 


The 1,6 linkages responsible for the branching within the glycogen molecule are 
formed by transfer of a terminal oligosaccharide fragment of six or seven glucose 
residues from the end of the glycogen chain to a 6-hydroxyl group in a glucose 
residue in the interior of the chain. This takes place in the presence of branching en- 
zyme or, more correctly, amylo-(1,4-1,6) transglycosylase. 


Lactose synthesis 


Lactose (milk sugar) is produced in large quantities in the mammary gland of lactat- 
ing animals. It is formed by condensation of one glucose and one galactose molecule. 
A supply of glucose is readily available, but the galactose has to be synthesised, 
virtually in its entirety, from glucose, and this involves a configurational change at 
carbon atom 4. The glucose is first converted to glucose-1-phosphate and then to uri- 
dine diphosphate glucose, from which uridine diphosphate galactose is produced by 
the action of UDP-galactose-4-epimerase, as shown in Fig. 9.23. 

Lactose is then formed by the action of the UDP-D-galactose with glucose in the 
presence of the lactose synthetase system: 


Lactose synthetase 


UDP-galactose + D-glucose > UDP + lactose 


The synthetase system is a complex of the enzyme galactosyl transferase with a- 
lactalbumin. The enzyme catalyses the attachment of galactose to protein contain- 
ing a carbohydrate residue; a-lactalbumin alters the specificity of the enzyme so 
that it catalyses the linkage of galactose to glucose. The enzyme is present in the 
non-lactating gland but is only feebly active. With the onset of lactation, a-lactalbumin 
is produced in the gland and in its presence the enzyme becomes highly active in 


p-Glucose 


ATP 
Hexokinase 
ADP 
Y 


+P; 
p-Glucose-6-phosphate 


Phosphoglucomutase 


Y 


p-Glucose-1-phosphate 


UTP Glucose-1-phosphate uridyl 
transferase 
Y 


PP; 
Uridine diphosphate D-glucose 


UDP-glucose 4-epimerase 


Uridine diphosphate p-galactose 


Fig. 9.23 Conversion of glucose to uridine diphosphate galactose. 


Carbohydrate synthesis 


catalysing the linkage. The energetic efficiency of lactose synthesis may be assessed 


as follows: 
Energy Energy 
expended (kJ) stored (kJ) 

2 moles glucose 5606 

2 moles glucose to 2 moles glucose-1-phosphate 170.8 

1 mole glucose-1-phosphate to uridine diphoshate 85.4 

galactose 
Energy required for 1 mole lactose 5862.2 
Energy retained in 1 mole lactose 5648.4 


Energetic efficiency = 5648.4/5862.2 = 0.96 


BOX 9.2 Metabolic disease 


Metabolic disease results from metabolic stress caused when metabolic outputs exceed inputs, meta- 
bolic inputs exceed outputs, or a breakdown occurs in the processing system. 

A typical example of a metabolic disease arising when metabolic output exceeds input is ketosis. 
Ketosis occurs in ruminant animals that have a high demand for glucose, such as dairy cows in early 
lactation, where glucose is required for lactose synthesis in the udder, and ewes in late pregnancy, 
where glucose is required as an energy source for the developing fetus. In both cases, oxaloacetic 
acid is used preferentially for glucose synthesis via gluconeogenesis and is therefore not available to 
combine with acetyl-CoA in the tricarboxylic acid cycle. The problem is often exacerbated because 
animals are in negative energy balance and therefore mobilising body fat as a source of energy. The 
acetyl-CoA arising from body fat mobilisation cannot be utilised efficiently owing to a lack of ox- 
aloacetic acid and is therefore converted to acetoacetate, D-B-hydroxybutyrate and acetone (ketone 
bodies), which accumulate in the bloodstream and become toxic. 

An example of a metabolic disease arising when metabolic input exceeds output is NH3 toxicity. 
Amino acids and nitrogen in the bloodstream in excess of requirements are transported to the liver, 
where they are deaminated. Under the influence of glutamate dehydrogenase, the NH4 is combined 
with a-ketogluterate to produce glutarate. If ruminant animals are fed on high-protein diets, where 
rumen-degradable nitrogen (RDN) is provided in excess of the requirements for microbial protein 
synthesis or fermentable energy (FME) is deficient, then excess nitrogen may be absorbed across the 
rumen wall into the bloodstream, taken to the liver, and converted to glutamate before excretion 
via the urea cycle. However, the conversion of NH, to glutarate depletes the available pool of 
a-ketogluterate and impairs the activity of the tricarboxylic acid cycle, resulting in reduced ATP 
formation and ammonia toxicity. 

The metabolic role of many minerals and vitamins is as prosthetic groups or coenzymes in differ- 
ent enzyme systems. Consequently, mineral and vitamin deficiencies can cause a breakdown of the 
processing system and precipitate metabolic disease. For example, methylmalonyl-CoA isomerase 
(see p. 203) is an important vitamin B12-dependent enzyme in the gluconeogenic pathway. A defi- 
ciency of vitamin Bj, (or cobalt) may reduce enzyme activity, decrease the efficiency of glucose syn- 
thesis and predispose the animal to ketosis. Similarly, ceruloplasmin is a copper-dependent enzyme 
responsible for releasing iron from cells into blood plasma. A copper deficiency may reduce cerulo- 
plasmin activity, decrease the efficiency of iron utilisation for haemoglobin synthesis and predispose 
the animal to anaemia. 


231 


Chapter 9 Metabolism 


Estimates of the energetic efficiency of the various synthetic processes presented, 
although interesting, should not be given too much weight since their validity de- 
pends on a number of factors, including assumptions of complete coupling under 
ideal conditions, the availability of different substrates, and uncertainly with regard 
to ATP yield from the oxidation of NADH and FADH via oxidative phosphorylation. 


95 CONTROL OF METABOLISM 


An organism must adjust to a constantly changing internal and external environment. 
In order to achieve this, efficient intercellular communication has to be established. 
Such communication is vested in two distinct but integrated systems. The first is the 
nervous system with a fixed physical framework; the second is the endocrine system 
utilising hormones that are transported from the secreting glands to various target tis- 
sues. The integration of the two systems is well illustrated by two examples: vasopressin 
is synthesised in the hypothalamus and is transported along nerve fibres to the pituitary 
gland, from which it is secreted; on the other hand, certain hormones such as insulin 
and adrenocorticotropic hormone (ACTH) have receptor sites within the brain. Hor- 
mones do not initiate processes but exert their control by regulating existing processes. 
This they do by influencing the rates of synthesis and breakdown of enzymes and by af- 
fecting the efficiency of enzyme catalysis and the permeability of cell membranes. 

At the cellular level, chemical processes must take place at rates consistent with 
the needs of the whole organism. This is achieved by control of enzyme activity, 
which depends upon: 


the amount of enzyme available, which is the result of enzyme synthesis and 
breakdown; 

the presence of the enzyme in an active or inactive (proenzyme) form. Action of 
the enzyme then depends upon the presence of certain proteolytic agents, which 
expose or create active sites on the proenzyme. The enzymes concerned in diges- 
tion and blood clotting are typical examples; 

the compartmentalisation of specific processes within the cytoplasm or organelles 
of the cell, brought about by the impermeability of membranes to the passage of 
certain metabolites; for example, fat synthesis takes place in the cell cytoplasm, 
whereas fat oxidation is limited to the mitochondria, and the futile cycling that 
would take place were the two processes to occur in the same locus is obviated. 
The impermeability may be overcome by shuttle systems that require cytoplasmic 
and organelle forms of the same catalytic activity. This provides a measure of fine 
control via the availability of substrate; 

the presence of proteins that bind to enzymes and inhibit their activity, and of 
substances that complex with, and render unavailable, metal ions essential for the 
activity of specific enzymes; 

the presence of proteins that alter the specificity of the enzyme; the role of 
a-lactalbumin in the case of galactosyl transferase is a good example - the level of 
a-lactalbumin is under hormonal control and therefore so is lactose synthesis; 
the operation of feedback inhibition, probably the most common regulatory 
mechanism operating in metabolism. In this case, the activity of an enzyme is in- 
hibited by the presence of an end product of the reaction or pathway. In the syn- 
thesis of valine from pyruvate, for example, the first step is the formation of 
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acetolactate, catalysed by acetolactate synthetase. The activity of this enzyme and 
the rate of valine formation are reduced by the presence ot valine. A similar situ- 
ation arises when accumulation of an end product affects the rate of a reaction or 
pathway by a simple mass action effect. For example, the rate of glucose break- 
down via the gylcolytic pathway is controlled by the reaction 


1,3-diphosphoglycerate + ADP + P, — 3-phosphoglycerate + ATP 


When ATP is being consumed rapidly, its breakdown ensures a plentiful supply of 
ADP and phosphoric acid; the reaction thus proceeds rapidly from left to right. If, on 
the other hand, ATP is not being used, the supply of ADP and inorganic phosphate is 
reduced and so is the speed of the reaction. 


SUMMARY 


1. 


Metabolism is the name given to the se- 
quence or succession of chemical reactions 
that take place in living organisms. It involves 
both the synthesis (anabolism) and break- 
down (catabolism) of complex compounds. 


. Exergonic (catabolic) reactions release energy 


and endergonic (anabolic) reactions require 
an input of energy. The two are linked by 
mediating compounds, the most important 
of which is adenosine triphosphate (ATP). 


. ATP is produced from a number of energy 


substrates by either substrate-level or oxida- 
tive phosphorylation. Glucose is oxidised via 
the glycolytic pathway and the tricarboxylic 
cycle. 


. Glycogen is the main storage carbohydrate 


in the animal's body. It is first broken down 
to give glucose, which is then oxidised as 
described. Acetic, propionic and butryric 
acids are metabolised in the tricarboxylic 
acid cycle. 


. Fat is the primary energy store in the body. 


Energy is released by lipolysis, followed by 
B-oxidation of the fatty acids. The glycerol 
is changed to glucose before oxidation. 


. Amino acids may be used as sources of en- 


ergy when in excess or when other forms of 
energy are deficient. The process involves 
excretion of the nitrogen as urea and is 
relatively inefficient. 


7. Protein synthesis requires activation of amino 


10. 


11. 


acids, initiation of chain formation, chain 
elongation and termination, all of which 
have an energy cost. 


. Fatty acid synthesis occurs in the cell cyto- 


plasm and produces palmitic acid. The addi- 
tion of two-carbon units to preformed long- 
and medium-chain fatty acids takes place at 
the endoplasmic reticulum, as does desatura- 
tion. However, mammals are incapable of in- 
troducing double bonds beyond carbon atom 
9 (see Chapter 3). 


Lactose is synthesised from glucose and galac- 
tose in the mammary gland by a complex en- 
zyme system that is a-lactalbumin-dependent. 


Glucose is central in a large number of meta- 
bolic processes. In monogastric animals, it is 
obtained by direct absorption from the small 
intestine. In ruminant animals, this does not 
take place and highly efficient gluconeogenic 
and glucose-conserving mechanisms have 
been developed. 


On a whole-body basis, metabolism is con- 
trolled by an integrated system consisting of 
a nervous system with a fixed physical struc- 
ture and an endocrine system secreting hor- 
mones that travel to various target tissues. At 
the cellular level, control is exerted by manip- 
ulation of the active enzyme supply and by 
feedback inhibition. 


233 


Chapter 9 Metabolism 


FURTHER READING 


Berg M J, Tymoczko J I and Stryer L 2006 Biochemistry, 6th edn, New York, W H Freeman. 

Devlin T M (ed.) 1997 Textbook of Biochemistry with Clinical Correlations, 4th edn, New 
York, John Wiley & Sons. 

Mathews C K and van Holde K E 1999 Biochemistry, 3rd edn, Redwood City, CA, Benjamin 
Cummings Publishing Co. 

Murray R K, Granner D K, Mayes P A and Rodwell V W 1993 Harper’s Biochemistry, 23rd edn, 
Norwalk, CT Appleton and Lange. 


234 


Quantifying the nutrient content of 
foods: digestibility, energy and protein 
values 


Part 2 described how animals obtain and utilise nutrients from foods. This part is concerned 
with quantifying the amounts of nutrients supplied. 


Chapter 10 describes ways of quantifying the digestion of nutrients over the whole digestive 
tract and for different sections using a range of digestibility techniques and then considers the 
factors that affect digestibility. 


Not all of the energy supplied by foods is available to the animal. There are losses associated 
with both digestion and metabolism. Chapter 11 discusses these losses and the methods used 
to measure the efficiency of energy use by animals. 


As a consequence of their differing digestive systems and related metabolism, different 
systems are used for expressing the energy value of foods according to the type of animal 
concerned. Chapter 12 describes these systems and the methods used to predict the energy 
value of foods. 


Chapter 13 examines the protein value of foods and the measures used to quantify protein 
supply to both monogastric and ruminant animals, which, again, differ as a consequence 
of their digestive systems. Details are given of the current protein evaluation systems used 
in the UK. 


Evaluation of foods: digestibility 


10.1 Measurement of digestibility 

10.2 Validity of digestibility coefficients 

10.3 Digestibility in different sections of the digestive tract 
10.4 Factors affecting digestibility 

10.5 Measurement of mineral availability 


This chapter marks a change from qualitative to quantitative nutrition. The chapters 
preceding it have shown which substances are required by animals, how they are 
supplied from foods and the manner in which they are utilised. This chapter and those 
following it are concerned with the assessment of (1) the quantities in which nutrients 
are supplied by foods, and (2) the quantities in which they are required by different 
classes of farm animal. 

The potential value of a food to supply particular nutrients can be determined by 
chemical analysis. However, the actual value of the food to the animal can be deter- 
mined only after making allowances for the inevitable losses that occur during diges- 
tion, absorption and metabolism. The first and most important loss of nutrients is 
represented by the proportion that is not absorbed but is excreted in the faeces. 

The digestibility of a food is most accurately defined as the proportion that is not 
excreted in the faeces and that is, therefore, assumed to be absorbed by the animal. It is 
commonly expressed in terms of dry matter and as a coefficient or a percentage. For 
example, if a cow ate 9 kg of hay containing 8 kg of dry matter and excreted 3 kg of dry 
matter in its faeces, the digestibility of the hay dry matter would be: 

8-3 8-3 


—— = 0.625 or 
8 


Digestibility coefficients can be calculated in the same way for each constituent of 
the dry matter. Although the proportion of the food not excreted in the faeces is com- 
monly assumed to be equal to that which is absorbed from the digestive tract, there are 
objections to this assumption, which will be discussed later. 


x 100 = 62.5% 
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10.1 


MEASUREMENT OF DIGESTIBILITY 
Digestibility trials 


In a digestibility trial, the food under investigation is given to the animal in known 
amounts and faecal output is measured. More than one animal (typically four) are 
used, because animals, even of the same species, age and sex, differ slightly in their 
digestive ability, and because replication allows more opportunity for the detection 
of experimental error. 

In trials with mammals, male or castrated animals are preferred to females be- 
cause it is then easier to separate the faeces from the urine. The animals should be 
docile and in good health. Small animals can be confined in metabolism cages, which 
facilitate the separation of faeces and urine by an arrangement of sieves, but larger 
animals such as cattle and sheep are fitted with harnesses and faeces-collection bags 
made ol rubber or a similar impervious material. For females a bladder catheter can 
be used to separate the urine from the faeces. 

For poultry, the determination of digestibility is complicated by the fact that fae- 
ces and urine are voided from a single orifice, the cloaca. The compounds present in 
urine are mainly nitrogenous, and faeces and urine can be separated chemically if 
the nitrogenous compounds of urine can be separated from those of faeces. The sep- 
aration is based on the fact either that most urine nitrogen is in the form of uric acid, 
or that most faecal nitrogen is present as true protein. It is also possible to alter the 
fowl's anatomy by surgery so that faeces and urine are voided separately. 

If possible the food required for the trial should be mixed thoroughly beforehand to 
ensure a uniform composition. Typically a digestibility trial consists of three periods, 
each lasting for 7-10 days. During the adaptation period, animals are gradually adapted 
to the experimental diet. Once adapted, animals are then maintained on the experi- 
mental diet for a preliminary period to ensure that they are fully accustomed to the ex- 
perimental diet and to clear the digestive tract of previous food residues. Finally, during 
the collection period, food intake and faecal output are recorded. A longer collection 
period generally provides more accurate results. With simple-stomached animals the 
faecal output resulting from a particular input of food can be identified by adding an in- 
digestible coloured substance such as ferric oxide or carmine to the first and last meals 
of the collection period; the beginning and the end of faecal collection are then delayed 
until the dye appears in and disappears from the excreta. With ruminants this method is 
not successful because the dyed meal mixes with others in the rumen; instead, an arbi- 
trary time lag of 24-48 hours is normally allowed for the passage of food residues, i.e. 
the measurement of faecal output begins 1-2 days after that of food intake, and contin- 
ues for the same period after measurement of food intake has ended. 

In all digestibility trials, and particularly those with ruminants, it is highly desir- 
able that meals should be given at the same time each day and that the amounts of 
food eaten should not vary from day to day. When intake is irregular there is the pos- 
sibility, for example, that if the last meal of the experimental period is unusually 
large, then the subsequent increase in faecal output may be delayed until after the 
end of faecal collection. In this situation the output of faeces resulting from the 
measured intake of food will be underestimated and digestibility overestimated. 
The trial is completed by analysing samples of the food used and the faeces 
collected. Box 10.1 provides an example of the calculation of nutrient digestibility 
coefficients for hay fed to sheep. 


Measurement of digestibility 


BOX 10.1 Calculation of the nutrient digestibility coefficients of hay fed to sheep 


A digestibility trial was carried out using three sheep to determine the digestibility of hay. During 
the 10-day faecal collection period, feed intake and faecal output were recorded. Samples of hay 
and faeces were analysed in the laboratory: 


Dry matter Organic Crude Ether Acid detergent 
(DM) matter protein extract fibre 


1. Nutrient analysis (g/kg DM) 
Hay 919 93 15 350 
Faeces 870 110 15 317 
2. Nutrient flux (kg/day) 
Consumed 
Excreted 
Absorbed 
3. Digestibility coefficients 
4. Digestible nutrients (g/kg DM) 


Notes 


1. The average quantity of hay dry matter (DM) consumed was 1.63 kg/day and the average 
quantity of DM excreted in the faeces was 0.76 kg/day. The chemical composition of the hay 
and faeces are presented in Section 1. 

. From the quantities of DM consumed and excreted and the chemical composition of the hay and 
faeces, the quantities of individual nutrients consumed, excreted and (by difference) absorbed 
can be calculated (Section 2). 

. Digestibility coefficients for each nutrient can then be calculated by expressing the weight of each 
nutrient absorbed as a proportion of the weight consumed, e.g. DM digestibility = 0.87/1.63 = 
0.534 (Section 3). 

. Finally, the composition of the hay can be expressed in terms of digestible nutrients, e.g. 
digestible organic matter = 919 x 0.560 = 515 g/kg DM (Section 4). 


The general formula for the calculation of digestibility coefficients is: 


nutrient consumed — nutrient in faeces 
nutrient consumed 


A measure that is often used to reflect the energy concentration of foods is the 
concentration of digestible organic matter in the dry matter (DOMD). For the hay in 
Box 10.1 this is 515 g/kg DM, or 51.5 per cent. This percentage figure is often referred 
to as the D value. 

In the example presented in Box 10.1 the food in question was forage and could be 
offered to the animals as the only ration component. Concentrate foods and fat sup- 
plements, however, may cause digestive disturbances if given alone to ruminants, and 
their digestibility is often determined by giving them in combination with forage of 
known digestibility. Thus, the hay in the example in Box 10.1 could have been used in 
a second trial in which the sheep also received 0.50 kg oats per day. If the dry matter 
content of the oats was 900 g/kg, then daily dry matter intake would increase by 
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Dry matter digestibility = 


0.45 kg. If faecal output increased from 0.76 kg to 0.91 kg per day, then the di- 
gestibility of the dry matter in oats would be calculated as follows: 
0.45 — (0.91 — 0.76) 0.45 — 0.15 
0.45 0.45 


= 0.667 


In this example, the hay is designated as the basal diet and the oats as the test 
food. The general formula for calculating the digestibility of the test food is: 


nutrient in test food — (nutrient in faeces — nutrient in faeces from basal diet) 


nutrient in test food 


Fat supplements are generally included in ruminant diets at relatively low levels. 
The digestibility of a fat supplement can be determined by assuming that long-chain 
fatty acids (LCFA) in a control diet and the basal ingredients of a diet containing the 
fat supplement have the same digestibility coefficients. If the intake and LCFA com- 
position of the fat supplement are known, then the LCFA intake from the fat supple- 
ment can be calculated. Similarly, if the digestibilities of the LCFA in the control diet 
are known, then the LCFA output from the basal ingredients can be subtracted from 
the total LCFA output of animals fed the supplemental fat to determine the output 
of fatty acids derived from the supplemental fat. Fatty acid digestibility can then be 
calculated as indicated above. This technique is particularly advantageous when the 
LCFA composition of the basal ingredients and test fat are distinctly different, and it 
has the advantage over other techniques involving total fat or gross energy as, rela- 
tive to the basal diet, the proportion of LCFA added is generally a lot higher. 

Calculating the digestibility of concentrate foods and fat supplements by difference 
assumes that the test food has no effect on the digestibility of the basal diet ingredi- 
ents. This is not always the case (see p. 248). 


Indicator methods 


In some circumstances the lack of suitable equipment or the particular nature of the 
trial makes it impractical to measure either food intake or faecal output directly. For 
instance, when animals are fed as a group or in a grazing situation, it may be impossi- 
ble to measure the intake of each individual. However, digestibility can still be meas- 
ured if the food contains some indicator substance that is known to be completely 
indigestible. If the concentrations of this indicator substance in the food and in small 
samples of the faeces of each animal are then determined, the ratio between these 
concentrations can be used to calculate digestibility. For example, if the concentration 
of the indicator increased from 10 g/kg DM in the food to 20 g/kg DM in the faeces, 
this would mean that half of the dry matter had been digested and absorbed. In equa- 
tion form this is presented as: 


indicator in faeces (g/kg DM) — indicator in food (g/kg DM) 
Indicator in faeces (g/kg DM) 


Internal or external indicators may be used. Internal indicators are natural con- 
stituents of the food such as lignin, acid-indigestible fibre or acid-insoluble ash (mainly 
silica). More recently, the long-chain hydrocarbons (n-alkanes, C25-C35) found in the 
waxy cuticle of leaves have been used as internal indicators, especially in grazing stud- 
ies. External indicators are substances that are added to foods. Chromic oxide (Cr203) 
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is perhaps the most common external indicator as it is very insoluble and hence indi- 
gestible; moreover, chromium (Cr) is not present as a natural constituent of most 
foods. In non-ruminant nutrition, titanium oxide (Ti203) is often used as an external 
indicator. 

External indicators such as chromic oxide may also be used to estimate faecal out- 
put rather than digestibility. In this application, the indicator is normally given for 10- 
15 days in fixed amounts (e.g. administered in a gelatin capsule) and once its excretion 
is assumed to have stabilised its concentration in faecal samples is determined. Faecal 
dry matter output (kg/day) is then calculated as: 


Indicator dose (g/day)/indicator in faeces (g/kg DM) 


For example, if an animal is given 10 g of chromic oxide per day and the concentra- 
tion of indicator in the faeces is 4 g/kg DM, then faeces output would be calculated 
as 10/4 = 2.5 kg DM/day. If food intake is known, then dry matter digestibility could 
be calculated as (dry matter intake — faecal DM output)/DM intake. Alternatively, if 
DM digestibility is known, then dry matter intake could be calculated as faecal DM 
output/DM digestibility. The n-alkane technique is very useful in this context. As 
plants contain mainly odd-chain n-alkanes in their waxy cuticle, even-chain (C32) 
n-alkanes can be used as an external indicator to determine faecal output. At the 
same time, the odd-chain n-alkanes (C35) can be used to estimate diet digestibility. 
Dry matter intake can then be estimated in group-fed or grazing animals. 

Measuring the digestibility of herbage eaten by grazing animals presents a par- 
ticular problem. In theory, internal indicators such as lignin can be used to estimate 
herbage digestibility. However, in practice, this application of the indicator tech- 
nique is complicated by the difficulty of obtaining representative samples of the 
food (i.e. pasture herbage) consumed. Animals graze selectively, preferring young 
plants to old, and preferring leaf to stem, and a sample of the sward picked by hand 
or cut with a mower is therefore unlikely to be representative of that consumed by 
the animal. One way of obtaining representative samples is to use an animal with 
an oesophageal fistula (an opening from the lumen of the oesophagus to the skin 
surface). When this is closed by a plug, food passes normally between mouth and 
stomach; when the plug is temporarily removed, herbage consumed can be col- 
lected in a bag hung below the fistula. Samples of grazed herbage obtained in this 
way can then be analysed, together with samples of faeces, for the indicator. The 
n-alkane technique may also be useful in this context as there are large and charac- 
teristic differences in the n-alkane content of different plant species. By relating the 
pattern of faecal n-alkane output to the n-alkane pattern in different plant species 
or parts, the technique allows estimates of the diet composition of grazing animals 
to be made. 


Laboratory methods 


Since digestibility trials are laborious and expensive to carry out, numerous attempts 
have been made to determine the digestibility of foods by reproducing in the labora- 
tory the reactions that take place in the alimentary tract of the animal. Digestion in 
non-ruminants is not easily simulated in its entirety, but the digestibility of food pro- 
tein may be determined from its susceptibility to attack in vitro by pepsin and hy- 
drochloric acid. It is also possible to collect digestive tract secretions via cannulae 
and to use them to digest foods in vitro. 
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The digestibility of foods for ruminants can be measured quite accurately in the lab- 
oratory by treating them first with rumen liquor and then with pepsin. During the first 
stage of this so-called two-stage in vitro method, a finely ground sample of the food is 
incubated for 48 hours with buffered rumen liquor in a tube under anaerobic condi- 
tions. In the second stage, the bacteria are killed by acidifying with hydrochloric acid 
to pH 2 and are then digested (together with some undigested food protein) by incu- 
bating them with pepsin for a further 48 hours. The insoluble residue is filtered off, 
dried and ignited, and its organic matter subtracted from that present in the food to 
provide an estimate of digestible organic matter. Digestibility determined in vitro is 
generally slightly lower than that determined in vivo, and corrective equations are 
required to relate one measure to the other; an example is illustrated in Fig. 10.1a. 

Until it was superseded by other methods (see below), this technique was used rou- 
tinely in the analysis of farm forages for advisory purposes and for determining the 
digestibility of small samples such as those available to the plant breeder. A further 
application is found in estimating the digestibility of grazed pasture herbage when this 


is collected from an animal with an oesophageal fistula as described above. 


Collection of rumen liquor used in the first stage of this laboratory procedure 
presents a number of difficulties. Rumen liquor is collected from animals that have 
been fitted with a rumen fistula that allows direct access into the rumen. Alterna- 
tively, it can be obtained by stomach tube. However, there are animal welfare impli- 
cations associated with both of these techniques. In addition, rumen liquor may vary 
in its fermentative characteristics and solids content depending on the diet of the an- 
imal from which it is collected. In an attempt to obtain more repeatable estimates of 


0.85 r 
All forages: Grasses: 
y =1.02x,- 0.0041 y = 0.3472 + 0.56x, r 
0.80 (RSD + 0.016) (RSD + 0.018) 
a 0.75 
> 
£ 
> 0.70 Legumes: 
= y = 0.0694 + 0.87x, 
T Key: (RSD 0.032) 
D 0.65 Grasses 
a Italian ryegrass 
Perennial ryegrass © 
0.60 Timothy = 
Legumes m 
Lucerne ° 
0.55 Red clover A 
0.55 0.60 0.65 0.70 0.75 0.80 sainfoin 
(a) Rumen liquor and pepsin (x;) ı l l i | | | 
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.90 


Digestibility in vitro (b) Pepsin and cellulase (x2) 


Fig. 10.1 Laboratory methods for estimating the dry matter digestibility of forages. (a) Incubation in 
rumen liquor followed by digestion with pepsin. (b) Digestion with pepsin followed by digestion with 


cellulase. 


Adapted from Terry R A et al. 1978 Journal of the British Grassland Society 22: 13. 
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Validity of digestibility coefficients 


digestibility, rumen liquor is sometimes replaced by fungal cellulase preparations. 
Figure 10.1b shows how incubation with pepsin followed by incubation with cellu- 
lase can be used to estimate the digestibility of forages for sheep. The relationship in 
Fig. 10.1b, however, is less close than that found for the same forages between di- 
gestibility estimated by fermentation with rumen liquor and that determined in 
sheep (Fig. 10.1a). More recently, the pepsin pretreatment has been replaced by neu- 
tral detergent fibre (NDF) to give neutral cellulase digestibility (NCD). Both the 
pepsin-cellulase and NDF-cellulase methods require separate prediction equations 
for different forages, and the residual standard deviations for these equations are 
larger than those of the single equation used for the rumen liquor—pepsin method. 

Rumen liquor is also used in another laboratory method for assessing the 
digestibility of foods of ruminants. In this method, the quantity or proportion of food 
digested is estimated indirectly from the volume of gas produced during fermenta- 
tion. Gas production in the rumen, and hence in the test tube, is proportional to the 
quantity of food fermented. About half of the gas is carbon dioxide arising from the 
neutralisation of acids by buffers, and the rest is a mixture of methane and carbon 
dioxide arising from the fermentation of carbohydrates and proteins to volatile fatty 
acids. The advantage of this method over the laboratory methods discussed above is 
that it can be readily applied to large numbers of food samples, especially if gas pro- 
duction is recorded automatically. One disadvantage is that gas production reflects 
only one aspect of rumen fermentation, namely volatile fatty acid production, and 
not the synthesis of microbial biomass. Thus, gas production measurements need to 
be related to the quantity of nutrients remaining after fermentation. 

Over the past decade there has been a change in the routine evaluation of foods for 
advisory purposes (e.g. evaluating a silage sample from a farm) from methods requiring 
rumen liquor obtained from fistulated animals to those requiring only laboratory appa- 
ratus. In Britain the preferred technique is near-infrared reflectance spectroscopy (see 
Chapter 1), which has been shown to provide more accurate predictions of digestibility 
than the two-stage in vitro method when applied to defined groups of feeds, such as 
grass silages. This method is quickly executed and requires minimal sample preparation, 
but the equipment required is expensive, and the chemical nature of the food con- 
stituents contributing to the near-infrared spectrum has yet to be established. 


VALIDITY OF DIGESTIBILITY COEFFICIENTS 


The assumption that the proportion of food digested and absorbed can be deter- 
mined by subtracting the proportion excreted in faeces from that consumed is open 
to question for two reasons. First, in ruminants, methane arising from the fermenta- 
tion of carbohydrates is lost by eructation and is not absorbed. This loss leads to 
overestimation of the digestible carbohydrate and digestible energy content of rumi- 
nant foods. Second, as discussed in Chapter 8, not all the faeces consist of undi- 
gested food residues. Part of the faecal material is contributed by enzymes and other 
substances secreted into the gut and not reabsorbed, and by cellular material 
abraded from the lining of the gut. Thus, if a pig, for example, is fed on a nitrogen- 
free diet, it continues to excrete nitrogen in the faeces. Since this nitrogen is derived 
from the body and not directly from the food, it is known as metabolic faecal nitro- 
gen, and the amount excreted is approximately proportional to the animal’s dry mat- 
ter intake. Faeces also contain appreciable quantities of ether-extractable substances 
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and minerals of metabolic origin. Since faeces serves as the route of excretion for 
certain mineral elements, particularly calcium, some of the ash fraction in faeces is 
contributed by mineral elements being secreted into the gut. 

The excretion in faeces of substances not arising directly from the food leads to 
underestimation of the proportion of the food actually absorbed by the animal. The 
values obtained in digestibility trials are therefore called apparent digestibility coef- 
ficients to distinguish them from true digestibility coefficients. In practice, true di- 
gestibility coefficients are difficult to determine, because the fractions in faeces 
attributable to the food and to the animal are in most cases indistinguishable from 
one another. Apparent digestibility coefficients for the organic constituents of foods 
are satisfactory for most purposes, and they do represent the net result of the inges- 
tion of food. Apparent digestibility coefficients for some mineral elements, however, 
may be quite meaningless (see p. 251). 


DIGESTIBILITY IN DIFFERENT SECTIONS OF 
THE DIGESTIVE TRACT 


As explained in Chapter 8, nutrients may be absorbed from several parts of the 
digestive tract. Even in non-ruminants, absorption occurs in two distinctly different 
parts, the small and large intestines, and in ruminants volatile fatty acids are absorbed 
from the rumen. A food constituent that is digested (and absorbed) at one site may 
give rise to nutrients that differ quite considerably from those resulting from its diges- 
tion at another site. The nutritive value of a food to the animal depends not only on 
the extent to which it is digested (i.e. its digestibility) but also on its site of digestion. 
For example, a carbohydrate such as starch may be fermented in the rumen to volatile 
fatty acids (and methane) or digested in the small intestine to glucose. 

The digestibility of foods in successive sections of the digestive tract is most con- 
veniently measured by the use of cannulated animals, prepared as described on 
p. 159. An example of the use of cannulated animals to measure digestion in succes- 
sive sections of the digestive tract of sheep is shown in Table 10.1. In this experiment 
the sheep were cannulated at the duodenum and terminal ileum, thus allowing di- 
gestion to be partitioned between the stomach, the small intestine and the large in- 
testine. The whole tract digestibility of the organic matter of the pelleted grass (0.78) 


Table 10.1 Digestion of chopped or ground and pelleted dried grass in successive 
portions of the alimentary tract of sheep 


Food constituent: Organic matter Cellulose 

Form of grass: Chopped Pelleted Chopped Pelleted 

Proportion digested in 
Stomach 0.52 0.45 0.80 0.56 
Small intestine 0.27 0.20 0.02 —0.02 
Large intestine 0.04 0.13 0.05 0.23 
Whole tract 0.83 0.78 0.87 0.77 


After Beever D E, Coelho da Silva J P, Prescott J H D and Armstrong D G 1972 British Journal of Nutrition 
28: 347. 


Digestibility in different sections of the digestive tract 


was considerably lower than that of the chopped grass (0.83), microbial digestion of 
the former being partially transferred from the stomach (i.e. the rumen) to the large 
intestine. These differences were even more apparent for cellulose digestion, to 
which the small intestine made a negligible contribution. 

In Chapter 8 reference was made to the degradation of dietary protein in the 
rumen. The nitrogen in food protein is either rumen-degradable (RDP) or rumen- 
undegradable (UDP). The RDP fraction is either used for microbial protein synthesis 
or absorbed across the rumen wall as ammonia, whereas the UDP fraction is resistant 
to microbial attack and escapes degradation. The fate of dietary protein (or nitrogen) 
in ruminants may be determined by collecting digesta from successive sections of the 
digestive tract. Table 10.2 contrasts the digestion of nitrogen in two types of ryegrass. 
Although the two grasses were similar in total nitrogen content (line 1), considerably 
more nitrogen was ‘lost’ from the stomach, presumably by absorption of ammonia, 
with the first grass (line 5). Conversely, with this grass, less nitrogen was absorbed in 
the small intestine, expressed either as total nitrogen (line 6), protein (line 9) or 
amino acids (line 10). The difference between total nitrogen and protein nitrogen 
absorption in the small intestine (lines 6-9) reflects absorption of ammonia, and the 
difference between protein and amino acid nitrogen absorbed in the small intestine 
(lines 9 and 10) reflects the nucleic acid nitrogen of microbial protein. A further loss 
of nitrogen, again presumably as ammonia, occurred in the large intestine (line 7). 
The net outcome was that although the short-rotation ryegrass contained slightly less 
nitrogen, of slightly lower overall digestibility, it provided the sheep with about 25 per 
cent more in terms of absorbed amino acids than did the perennial ryegrass. With the 
perennial ryegrass, of the nitrogen absorbed (32.0 g/day), less than half (14.6 g/day) 
was in the form of amino acids. 

Animals fitted with a rumen cannula can be used to estimate the proportion of a 
food that is digested in the rumen, or rumen degradability. Typically, food samples 
(3-5 g of dry matter) are placed in small bags made of permeable synthetic material 
with a standard pore size (400-1600 m2), which are then inserted into the rumen 


Table 10.2 Protein digestion and absorption by sheep given 800 g organic matter 
per day from one of two types of ryegrass 


Perennial Short-rotation 
ryegrass ryegrass 


Total N (g/day) (1) In feed 37.8 34.9 
(2) At duodenum 27.8 31.7 
(3) At terminal ileum 9.0 9.3 
(4) In faeces 5.8 6.7 
Total N absorbed (g/day) (5) Stomach 10.0 3.2 
(6) Small intestine 18.8 22.4 
(7) Large intestine 3.2 2.6 
(8) Overall 32.0 28.2 
Protein N absorbed (g/day)? (9) In small intestine 15.0 19.1 
Amino acid N absorbed (g/day) (10) In small intestine 14.6 18.3 


*Protein calculated as 6.25 (non-ammonia nitrogen). 
Adapted from MacRae J C and Ulyatt M J 1974 Journal of Agricultural Science, Cambridge 82: 309. 
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Fig. 10.2 Disappearance of dry matter and nitrogen from samples of barley incubated 
in artificial fibre bags in the rumen of sheep. Vertical lines indicate variation between 
replicate samples, expressed as standard deviations. 


Adapted from Mehrez A Z and @rskov E R 1977 Journal of Agriculture Science, Cambridge 
88: 645. 


through the cannula and incubated for different periods of time. Bags are withdrawn 
successively and then washed and dried to determine the amount of undigested mate- 
rial remaining. The disappearance of food at any time point can then be predicted 
mathematically. This technique is known as the in sacco degradability technique and is 
commonly used to measure protein supply to ruminants, which is described in more 
detail in Chapter 13 (see also Fig. 10.2). 

Another technique for studying the digestion of food in different sections of the 
digestive tract involves the use of small bags similar to those employed to study 
rumen degradability. For this so-called mobile nylon bag technique, small samples of 
food (0.5-1.0 g) contained in bags are inserted into the gut via a cannula (e.g. into 
the duodenum) and later recovered via a second cannula (e.g. at the ileo-caecal junc- 
tion). The loss of nutrients between the two sites is taken to be the portion digested 
and absorbed. This technique is commonly used in pigs; in this species, digestibility 
to the end of the small intestine (sometimes called ‘ileal digestibility’) is reckoned to 
give a more accurate measure of the nutritive value of a food than would digestibil- 
ity in the whole tract. For example, suppose that with a food of high nutritive value 
all the lysine was released from proteins and absorbed by the pig before the digesta 
reached the end of the ileum (i.e. ileal lysine digestibility = 1.0). However, microor- 
ganisms in the caecum and colon are capable of synthesising additional lysine, which 
would be incorporated into microbial protein and excreted in faeces. This would 
reduce apparent lysine digestibility in the whole tract to less than 1.0. The mobile 


10.4 


Factors affecting digestibility 


nylon bag technique is also used in horses, in which the bags may be introduced into 
the stomach via a nasogastric tube. 

As described in Chapter 8 some non-ruminant herbivores such as rabbits and 
hares have evolved as hind-gut fermentors. In these animals, indigestible dietary ma- 
terial is fermented to volatile fatty acids in the caecum and colon. In addition, micro- 
bial protein and vitamins are synthesised. However, in a similar way to horses, a lack 
of proteolytic enzymes and a transport system for vitamins in the hind gut prevents 
absorption of these nutrients. As a consequence, hind-gut fermentors have evolved 
different strategies to utilise nutrients synthesised by microbes. At certain times of 
the day rabbits and hares produce caecotrophes (soft faeces) with a high protein, 
vitamin and mineral content, whilst during the rest of the day they produce hard fae- 
ces, high in indigestible fibre. Caecotrophes typically represent one-third of total faecal 
material. The caecotrophes are almost totally re-ingested and contribute 5-18 per cent 
of dry matter and 15-30 per cent of nitrogen intake. Nutrient supply to rabbits, par- 
ticularly protein and amino acids, is the sum of the contribution from the diet and 
the contribution from reingested soft faeces. Apparent whole tract digestibility is de- 
termined as described previously. However, the contribution of soft faeces is nor- 
mally assessed by placing a wooden collar (25 cm diameter) on the rabbit to prevent 
caecotrophy, typically for a 24-hour period. The hard and soft faecal pellets can then 
be separated and the contribution of caecotrophes to total dry matter and nutrient 
intake can be determined. 


FACTORS AFFECTING DIGESTIBILITY 


Food composition 


The digestibility of a food is closely related to its chemical composition, and a food 
such as barley, which varies little in composition from one sample to another, will 
show little variation in digestibility. Other foods, particularly fresh or conserved 
herbages, are much less constant in composition and therefore vary more in di- 
gestibility. The fibre fraction of a food has the greatest influence on its digestibility, 
and both the quantity and quality of the fibre are important. 

Modern methods of food analysis attempt to distinguish between the cell wall and 
cell content fractions. When forages are heated with neutral detergent solution, the 
cell contents dissolve and the cell walls remain as a residue called neutral-detergent 
fibre (NDF) consisting of total cell wall material. The cell wall fraction may be further 
divided into acid-detergent fibre (ADF), representing cellulose and lignin, and acid- 
detergent lignin (ADL), representing lignin (see Chapter 1). The cell contents are al- 
most completely digested (i.e. true digestibility = 1.0), although their apparent 
digestibility will be approximately 10-15 per cent lower due to the excretion of meta- 
bolic products into the digestive tract (see p. 243). The digestibility of cell walls is 
much more variable and depends on the degree of lignification, which is expressed as 
ADL. But cell wall digestibility also depends on the structure of plant tissues. For 
example, tropical grasses are generally less digestible than their temperate counter- 
parts because their leaves contain more vascular bundles, and hence more lignin, and 
because they have dense masses of cells that resist invasion by microorganisms. 

The digestibility of foods may be reduced by nutrient deficiencies or excesses, 
particularly in ruminants. For example, a deficiency of rumen-degradable nitrogen or 
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sulphur may restrict microbial protein synthesis and thus reduce fibre digestibility. 
An excess of dietary lipid will also inhibit the activity of rumen microorganisms. The 
high silica content of some foods, particularly rice straw, reduces their digestibility. 
In foods for non-ruminants, anti-nutritional constituents that bind to proteins and 
amino acids, such as tannins and saponins, may reduce their digestibility. 


Ration composition 


The digestibility of a food is influenced not only by its own composition but also by 
the composition of other foods consumed with it. These associative effects may be 
positive or negative, although negative associative effects are perhaps the most com- 
mon. A positive associative effect occurs when the digestibility of one ration compo- 
nent is enhanced by feeding it in combination with another. For example, the 
digestibility of poor-quality forage such as straw may be enhanced by feeding it in 
combination with a protein supplement. In this example, the provision of protein may 
enhance the activity of the rumen microorganisms, which are then better able to di- 
gest the straw. A negative associative effect occurs when the digestibility of one ration 
component is reduced by feeding it in combination with another. For example, the 
supplementation of forage with a readily available source of carbohydrate such as 
starch may reduce the digestibility of the forage. In these circumstances, rapid fer- 
mentation of starch to volatile fatty acids depresses the rumen pH to 6 or less. The 
low pH inhibits the activity of cellulolytic microorganisms and fibre digestibility is 
reduced. In addition to having an effect on cellulolysis through reducing rumen pH 
(‘pH effect’), starch may also have a more direct effect on cellulolysis. Some rumen 
microorganisms are capable of fermenting both starch and cellulose and may, given 
the choice, ferment starch in preference to cellulose (‘carbohydrate effect’). Hence, 
the reduction in cellulolysis observed on high-starch diets may be only partially alle- 
viated by the addition of buffering agents such as sodium bicarbonate. 

The existence of associative effects presents a serious problem for ration formula- 
tion and the determination of digestibility by difference (see p. 240). For example, if 
forage and concentrate foods have digestibility coefficients of 0.6 and 0.8, respec- 
tively, it may be assumed that the overall digestibility of a mixed ration containing 
equal proportions of forage and concentrate would be 0.7. However, due to associa- 
tive effects, this is unlikely to be the case, as digestibility of the forage is likely to be 
reduced by feeding it in combination with a concentrate. Although associative effects 
are known to exist, their effect depends on the relative proportions of forage and 
concentrate in the ration, the chemical composition of the ration components and 
the level of feeding. Consequently, they are very difficult to predict and therefore 
cannot be accounted for in feeding systems. 


Food processing 


Foods are often processed before feeding in order to increase and optimise their di- 
gestibility. The commonest treatments applied are normally chopping, chaffing, 
crushing and grinding. Typically, cereal grains should be crushed for cattle and 
ground for pigs, otherwise they may pass through the digestive tract intact. The 
grinding of cereal grains fed to cattle may enhance their rate of fermentation to such 
an extent that it predisposes the animal to rumen acidosis. Sheep on the other hand 
are able to effectively chew whole grain during rumination, thereby reducing the 
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need for mechanical processing. However, this appears to be dependent on the dy- 
namics of regurgitation, which are influenced by both the type of cereal grain and 
the nature of the basal diet. Oats appears to be more efficiently-regurgitated than 
barley, and regurgitation appears to be more ditficult when cereal grains are fed in 
combination with forages such as silage, suggesting that grain shape and entrapment 
in interwoven particles may be important factors. Consequently, if fed with silage, 
cereal grains should be crushed (see Chapter 22). 

Forages are subjected to several processes of comminution. The mildest process, 
chaffing, has little direct effect on their digestibility but may reduce it indirectly by 
preventing selection of the more digestible components by animals. The wafering of 
forages, a process involving their compression into round or square section blocks, 
also has little effect on their digestibility. The most severe process, fine grinding 
(often followed by pelleting), has a marked effect on the manner in which forages are 
digested and hence on their digestibility. Because of their reduced particle size, 
ground forages pass through the rumen faster than long or chopped material. Conse- 
quently, the fibrous components may be less completely fermented (see Table 10.1). 
The grinding of forages may reduce the digestibility of the fibre fraction by as much 
as 20 per cent and of the dry matter as a whole by 5-15 per cent. This reduction is 
often greatest for forages with an intrinsically low digestibility, and it may be exag- 
gerated at high feeding levels, because although grinding increases the rate of passage 
and reduces digestibility, it also increases food intake (see Chapter 17). 

Forages such as the cereal straws, in which the cellulose is mixed or bound with a 
high proportion of lignin, may be treated chemically to separate the two compo- 
nents. The treatment processes and their effects are described in detail in Chapter 20. 
The chemicals used are mainly alkalis (sodium and ammonium hydroxides), and 
they improve the dry matter digestibility of cereal straws quite dramatically, from 
0.4 to 0.5-0.7. 

Foods are sometimes subjected to heat treatment to improve their digestibility. 
Traditionally, potatoes are boiled before feeding to pigs, but heat may be applied to 
other foods as steam or by microwave irradiation (a process known as micronisa- 
tion). When applied to cereals, such processes cause relatively small increases in di- 
gestibility, although sorghum appears to be more responsive than other grains. Heat 
treatments are most effective when used for the specific purpose of inactivating di- 
gestive enzyme inhibitors that are present in some feeds. The best examples of these 
inhibitors are found in protein concentrates (see Chapter 23). Potatoes, and root 
crops such as swedes (Brassica napus), may also contain protease inhibitors that are 
inactivated by heat treatment. In pigs, the benefit of such treatment is not so much 
the improvement in digestibility as the transfer of protein digestion from fermenta- 
tion in the caecum to normal enzyme digestion in the small intestine. 


Enzyme supplementation of foods 


In non-ruminants, the digestive system is ill-equipped to deal with some foods be- 
cause the animals lack appropriate enzyme systems. Enzyme preparations (usually 
of fungal origin) may be added to foods to increase nutrient availability. The most 
consistently successful enzyme additive has been the use of B-glucanase in poultry 
diets containing barley. B-Glucans, which constitute a large part of the endosperm 
cell wall of cereals (see Chapter 2), are largely indigestible. If they escape digestion, 
they appear in the excreta as gels that cause undesirable ‘sticky droppings’. B-Glucans 
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also protect other dietary components from digestion. Consequently, their enzy- 
matic destruction causes a general improvement in digestibility. Further examples of 
the use of enzyme supplementation are described in Chapter 24. 


Animal factors 


Digestibility is more a property of the food rather than of the animal consuming it. 
However, this is not to say that a food given to different animals will be digested to 
the same extent. The most important animal factor affecting digestibility is animal 
species. Foods that are low in fibre are equally well digested by both ruminants and 
non-ruminants, but foods high in fibre are better digested by ruminants. Apparent di- 
gestibility coefficients for protein are frequently higher for pigs because their excre- 
tion of metabolic faecal nitrogen is smaller than that of ruminants. Differences in 
digestive ability between sheep and cattle tend to be small and of little significance, 
and hence digestibility values are often determined in sheep and applied to cattle. 
However, highly digestible foods such as cereal grains tend to be better digested in 
sheep, and poorly digestible foods such as low-quality roughages tend to be better 
digested by cattle. Digestibility values determined in sheep are not always applicable 
to cattle; for example, the digestibility of the grain component in whole-crop cereal 
silages (see Chapter 19) is lower in cattle than in sheep because whole grains pass 
through the digestive tract intact. 


Level of feeding 


An increase in the quantity of food consumed by an animal generally causes an 
increase in the rate of passage of digesta. The food is then exposed to the action of 
digestive enzymes for a shorter period of time and digestibility is reduced. 

In animals, level of feeding is often expressed in multiples of the quantity of food 
required for maintenance (i.e. the quantity required to maintain equilibrium; see 
Chapter 14). Maintenance is defined as unity. In ruminant feeding systems, the level 
of feeding for growing and fattening animals can be 2.0-3.0 times their maintenance 
requirement and for lactating animals 3.0-5.0 times their maintenance requirement. 
For high-fibre diets such as hay, silage and grazed grass, increasing the level of feed- 
ing by 1 unit (e.g. from maintenance to twice maintenance) reduces the digestibility 
of the diet by only a small proportion (0.01-0.02). For mixed diets and those con- 
taining smaller particles, the reduction in digestibility per unit increase in feeding 
level is greater (0.02-0.03). For a typical dairy cow diet, the dry matter digestibility 
might fall from 0.75 at a maintenance level of feeding to 0.70 at three times mainte- 
nance. Falls of this magnitude may be due to negative associative effects, which be- 
come more pronounced at higher levels of feeding. The greatest reductions in 
digestibility with increasing feeding level occur with ground and pelleted forages and 
some fibrous by-products (0.05 per unit change in level), the reason being that the 
rate of passage of foods with a small particle size is increased to a greater extent than 
is possible with long forages, which generally require more extensive fermentation in 
the rumen before further passage. 

In non-ruminants, level of feeding rises to 2.0-3.0 times maintenance in poultry, 
3.0-4.0 times maintenance in growing pigs and 4.0-6.0 times maintenance in lactating 
sows, but there is little evidence for an effect of level of feeding on the digestibility of 
conventional (i.e. low-fibre) diets. 
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MEASUREMIENT OF MIINERAL AVAILABILITY 


In many cases it is inappropriate to determine apparent digestibility coefficients for 
mineral elements because endogenous excretion, arising from secretions into the di- 
gestive tract, can be high, particularly for minerals such as calcium, phosphorus, 
magnesium and iron. For example, in ruminants, the quantity of phosphorus se- 
creted into the gut via saliva is generally greater than the quantity in foods. In 
addition, the digestive tract is a major route of excretion for many mineral elements 
that have been absorbed in excess of requirements. For example, excess copper may 
be excreted into the digestive tract in bile. For mineral elements, the measure of im- 
portance is true digestibility or “availability”. To measure the availability of a mineral 
element one must distinguish between the proportion of mineral element in the 
faeces that is of dietary origin and that which has been voided into the digestive tract 
from the animal’s tissues. This distinction may be made by labelling the element 
within the body, and hence the proportion voided into the digestive tract, with a 
radioisotope. 

Mineral elements in digesta exist in one of three forms: as metallic ions in solu- 
tion, as constituents of metallo-organic complexes in solution, and as constituents of 
insoluble substances. Those present in the first form are readily absorbed and those 
in the third form are not absorbed at all. The metallo-organic complexes, some of 
which are chelates (see p. 107), show variable availability. Some mineral elements 
may be converted from one form to another, and so broadly speaking the availabil- 
ity of an element depends on the form in which it occurs in the food and on the ex- 
tent to which conditions in the gut favour conversion from one form to another. 
Thus, the availability of sodium and potassium, which occur in digesta almost en- 
tirely as ions, is close to 1.0. At the other extreme, the availability of copper, which 
occurs almost entirely as soluble or insoluble complexes, is generally less than 0.1.To 
take a further example, phosphorus is present in many foods as a constituent of 
phytic acid (see p. 115), and its availability depends on the presence of phytases, of 
microbial or animal origin, in the digestive tract. A potent factor controlling the 
interconversion of soluble and insoluble forms of mineral elements is the pH of the 
digesta. In addition, there may be specific agents that bind mineral elements and 
thus prevent their absorption. For example, calcium may be precipitated by oxalates 
and copper by sulphides. 

The availability of mineral elements is commonly high in young animals fed on 
milk and milk products but declines as the diet changes to solid foods. An additional 
complication is that the absorption, and hence apparent availability, of some mineral 
elements is under homeostatic control (determined by the animal’s need for them). 
Iron absorption, discussed in Chapter 8, is the clearest example of this effect, but in 
ruminants the efficiency of calcium absorption also appears to be dependent on the 
animal’s requirements. 

Whilst no attempt is made here or in Chapter 8 to provide a complete list of fac- 
tors affecting the availability of mineral elements, those mentioned serve to illustrate 
why availability coefficients are not included in tables of food composition. The 
availability of a mineral in a particular food depends so much on other constituents 
of the diet and the type of animal that average availability coefficients would be of 
little significance. 
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The nutrient digestibility coefficients for a 
food (D) can be calculated from the weights of 
nutrient consumed (/) and excreted in faeces 
(F) by the formula (I — F)/I. 


. In a typical digestibility trial, the food under in- 


vestigation is fed to animals for 21-30 days, with 
faeces being collected for the last 7-10 days. 


. If food intake and/or faeces output cannot be 


measured quantitatively, digestibility may be 
estimated indirectly from the relative concen- 
trations of an indigestible substance in the 
food and faeces known as an indicator. 


. The digestibility of foods may be estimated in 


the laboratory (in vitro) by incubating them in 
rumen liquor or various chemical and enzy- 
matic techniques. Near-infrared reflectance 
spectroscopy (NIRS) is now used routinely to 
estimate the digestibility of foods for farm 
advisory work. 


. For most nutrients a proportion of each nutri- 


ent excreted in faeces is derived from the ani- 
mal’s body and not from the food. The 


QUESTIONS 


10.1 A pig was given 2.0 kg/day DM of a food containing 150 g/kg DM crude pro- 
tein and excreted 0.4 kg/day DM of faeces containing 175 g/kg DM protein. 
Calculate both the DM and the crude protein digestibility and the digestible 


measurement of apparent digestibility does 
not take this into account and therefore 
underestimates true digestibility. 


. The insertion of cannulae into different parts 


of the animal's digestive allows digesta to be 
sampled from each part and digestibility to be 
calculated for different sections. For example, 
rumen degradability can be estimated by in- 
serting small samples of food in synthetic 
nylon bags into the rumen through a rumen 
cannula (in sacco). 


. The digestibility of a food in an animal de- 


pends on its chemical composition, the compo- 
sition of foods fed with it and the way in 
which it has been processed, together with its 
level of feeding and any additional enzyme 
supplementation or chemical treatment. 


. The digestibility of mineral elements (mineral 


availability) is affected by secretion and excre- 
tion of minerals into the digestive tract, the 
form of the mineral element, interactions with 
other dietary components and the physiologi- 
cal state of the animal. 


crude protein (DCP) content of the food. 


10.2 As a check on the measurement of digestibility in Question 1, the food con- 
tained 10.0 g/kg DM of chromic oxide as an indicator and the faeces contained 
50.0 g/kg DM chromic oxide. Did the measured DM digestibility agree with 


that estimated using the indicator? 


10.3 Of the 2.0 kg/day DM given to the pig in Question 1, 0.3 kg/day DM came 
from soya bean meal, containing 450 g/kg DM crude protein, for which the 
DM and crude protein digestibility coefficients were known to be 0.75 and 
0.85, respectively. The rest of the ration was a cereal. What was the DM and 


crude protein digestibility of the cereal? 
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11.1 


Evaluation of foods: energy 
content of foods and energy 
partition within the animal 


11.1 Demand for energy 
11.2 Supply of energy 


11.3 Animal calorimetry: methods of measuring heat production and energy 
retention 


11.4 Utilisation of metabolisable energy 


The major organic components present in food are required by animals as raw materi- 
als for the synthesis of body tissues and animal products such as milk and eggs. They 
are also needed as sources of energy to support work done by the animal. A unifying 
feature of these diverse functions is that they all involve a transfer of energy, which 
applies equally when chemical energy is converted into mechanical or heat energy, as 
when nutrients are oxidised, and when chemical energy is converted from one form to 
another, for example when body fat is synthesised from dietary carbohydrate. The 
ability of a food to supply energy is therefore of great importance in determining its 
nutritive value. The purpose of this chapter and the next is to discuss factors affecting 
the energy content of foods, the partition of food energy within the animal, the 
measurement of energy metabolism, and the different methods used to express 
energy supply. 


DEMAND FOR ENERGY 


Before discussing the factors that affect energy supply from foods, it might be useful 
to briefly explain the factors affecting energy demand, although these factors will be 
discussed in more detail in Chapters 14, 15 and 16. An animal requires energy for 
both maintenance and production. The energy requirement for maintenance repre- 
sents the energy required for the vital body processes that are essential for life, for 
example the work associated with essential muscular activity (beating of the heart), 
the work associated with active transport (movement of dissolved substances against 
the concentration gradient), and the energy associated with the synthesis of essential 
body constituents such as enzymes and hormones. An animal deprived of food con- 
tinues to require energy for these processes, otherwise it will die. In a starved ani- 
mal, the energy required for vital body processes is obtained from the catabolism of 
body reserves, initially glycogen, but then body fat and protein. In a fed animal, the 


Supply of energy 


primary demand for energy is to meet this maintenance requirement and to prevent 
the catabolism of body tissues. 

When the energy in food is used for maintenance, the animal does no work on its 
surroundings and all the energy used is converted to heat, which, although useful for 
maintaining body temperature, is expended from the animal’s body. In a fasting ani- 
mal, the amount of heat produced is equal to the energy derived from tissue catabo- 
lism, which, when measured under specific conditions, is known as the animal’s 
basal metabolic rate or fasting metabolism. The way in which estimates of basal 
metabolism are used to assess the maintenance energy requirement of animals is 
explained in Chapter 14. 

Energy supplied by food in excess of the maintenance requirement is used for 
production. In young growing animals, energy is stored in new tissues primarily as 
protein. However, as animals mature, an increasing proportion is stored as fat. In 
pregnant and lactating animals, energy is stored in the products of conception (foetus 
and placenta) and in milk constituents, respectively. Other forms of production in- 
clude the energy required for activity or exercise and the energy required for the 
synthesis of wool or eggs. No process, not even maintenance, can be said to have ab- 
solute priority for food energy; for example a young animal receiving adequate pro- 
tein but insufficient energy for maintenance may still continue to deposit body 
protein, whilst breaking down body fat. Similarly, wool growth continues in animals 
at sub-maintenance energy intakes and even in fasted animals. 


11.2 SUPPLY OF ENERGY 
Gross energy (GE) 


Energy is stored in the chemical components of food as chemical energy. The amount 
of chemical energy in a food is measured by converting it to heat and determining 
the heat production. This is carried out by oxidising the food by burning. The amount 
of heat arising from the complete oxidation of a unit weight of food is known as its 
gross energy (GE) value or heat of combustion (see Box 11.1). 


BOX 11.1 Measurement of gross energy 


Gross energy is measured in an apparatus called a bomb calorimeter, which in its simplest form is a 
strong steel vessel (bomb) resting in an insulated bucket of water. The food sample is pelleted and 
placed in the bomb, which is then pressurised to 25 atmospheres with oxygen. The initial tempera- 
ture of the water in the bucket is recorded before the sample is electrically ignited. The food sample 
burns vigorously in an atmosphere of oxygen, and the heat produced during oxidation is dissipated 
through the wall of the bomb, causing the temperature of the water in the bucket to rise. When equi- 
librium is reached, the final temperature is recorded. The quantity of heat produced is then calcu- 
lated from the weight of the food sample oxidised, the weight of water, the temperature rise in the 
water, and the specific heat capacities of the water and bomb. Bomb calorimetry is used to measure 
the gross energy content of whole foods and their components and the energy content of animal tis- 
sues and excretory products. 
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Food Glucose 15.6 

constituents Starch 17.7 
Cellulose 17.5 
Casein 24.5 


Butterfat 38.5 
Fat (from oilseeds) 39.0 


Fermentation Acetic acid 14.6 
products 


Propionic acid 20.8 Volatile fatty acids 


Butyric acid 24.9 


Lactic acid 15.2 


Methane 55.0 


Animal tissues Muscle 23.6 
(ash-free) Fat 39.3 
Foods Maize grain 18.5 


Oat grain 19.6 


Oat straw 18.5 


Linseed-oil meal 21.4 
Grass hay 18.9 
Milk (400 g fat/kg) 24.9 


Fig. 11.1 Some typical gross energy values (MJ/kg DM). 


Some typical GE values for various foods are presented in Fig. 11.1. The primary 
determinant of the GE content of organic compounds is their degree of oxidation, as 
expressed as the ratio of carbon plus hydrogen to oxygen. All carbohydrates have 
similar ratios and therefore have approximately the same GE content (approximately 
17.5 MJ/kg DM). However, triglyceride fats typically have a higher ratio (contain 
less oxygen) and therefore have a higher GE value (39.0 MJ/kg DM). Individual fatty 
acids vary in their GE content depending on their carbon chain length and degree of 
saturation, with those with shorter chains (volatile fatty acids) and a greater number 
of double bonds having a lower energy content. Proteins have a higher GE content 
than carbohydrates because they contain the additional oxidisable elements nitrogen 
and sulphur. Methane has a very high GE content because it consists entirely of car- 
bon and hydrogen. 

In spite of the differences in GE content between different food components, the 
fact that carbohydrates are the predominate component in the food of most farm 
animals means that in reality GE values vary very little. Only foods rich in fat such 
as full-fat soya bean meal, which contains 222 g/kg DM ether extract, have signifi- 
cantly higher values, and those rich in ash, which has no nutritional value, have 
significantly lower values. Most common foods have a GE content of approximately 
18.4 MJ/kg DM. 


Supply of energy 


Gross energy (= heat of combustion) 


Faeces energy Digestible energy (= energy of digested food) 


eee ere L 
Urine | |Methane Metabolisable energy 
energy | | energy 
Heat increment Net energy 
| [ | 
' Used for Used for (energy retention 
maintenance production or balance) 


Total heat production 
of animal 


Fig. 11.2 The partition of food energy in animals. Losses of energy are shown as 
the boxed items on the left. 


Not all of the GE in foods is available for use by the animal. Some is lost from the 
animal as various solid, liquid or gaseous excretory products, and some is lost as 
heat. These sources of energy loss are illustrated in Fig. 11.2. The subtraction of these 
energy losses from a food’s GE content produces further descriptive measures of 
food energy supply; for example, subtracting the GE lost in faeces from the GE in 
food gives a measure of digestible energy. This and other measures of energy supply 
will now be discussed further. 


Digestible energy (DE) 


Digestible energy represents energy absorbed by the animal. Apparent digestible en- 
ergy is calculated as the GE provided by a unit of food minus the GE content of the 
faeces resulting from the consumption of that unit of food. In the example digestibil- 
ity trial presented in Box 10.1 in Chapter 10, the sheep consumed 1.63 kg hay and 
excreted 0.76 kg faecal DM. If we assume that the GE content of the hay and the 
faeces, determined by bomb calorimetry, were 18.0 MJ/kg DM and 18.7 MJ/kg DM, 
respectively, then the total GE intake would be 29.3 MJ/day and the total GE output 
would be 14.2 MJ/day. The apparent GE digestibility and digestible energy content 
of the hay would be calculated as follows: 


Seduce 29.3 — 14.2 
GE digestibility = 29.3 
= 0.515 
DE = 18.0 x 0.515 
= 9.3 MJ/ke DM 


As faecal energy loss represents by far the most important and variable loss of en- 
ergy from animal foods, DE is a far better measure of the energy available to support 
animal production than GE. Digestible energy is often used as the measure of energy 
supply for pigs and horses, where additional energy losses in urine and methane are 
relatively small and consistent. 
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Metabolisable energy (ME) 


In addition to energy lost in faeces, energy is also lost as energy-containing com- 
pounds in urine, and as combustible gases such as methane produced as a conse- 
quence of microbial fermentation in either the rumen or hind gut. Metabolisable 
energy represents energy that is available for use by the animal and is calculated as 
DE minus energy lost in urine and combustible gases (see Box 11.2). The energy lost 
in urine is present as nitrogen-containing compounds such as urea, hippuric acid, 
creatinine and allantoin, and in non-nitrogenous compounds such as glucuronates 
and citric acid. 

The combustible gases produced in the rumen and hind gut consist almost en- 
tirely of methane (CH). Methane production is closely related to food intake, and 
at a maintenance level of nutrition approximately 7-9 per cent of the gross energy 
of the food (11-13 per cent of the digestible energy) is lost as methane. At higher 
levels of feeding, the proportion falls to 6-7 per cent of gross energy, the reduction 
being most marked for highly digestible foods. With previously fermented foods, 
such as brewer’s grain, methane production is low (3 per cent of gross energy). 

When methane production cannot be easily measured directly, it can be estimated 
as 8 per cent of gross energy intake. Another approximation allows the ME value 
of ruminant foods to be calculated from their DE value by multiplying by 0.81. This 
implies that, on average, about 19 per cent of the energy apparently digested is excreted 
in the urine and as methane. 

For poultry, ME is measured more easily than DE, because the faeces and urine 
are voided together. A rapid standardised method has been developed for determining 


BOX 11.2 Measurement of metabolisable energy 


The ME value of a food is determined in a feeding trial similar to a digestibility trial, but in which 
urine and methane are collected as well as faeces. Metabolism cages for sheep and pigs usually in- 
corporate a device for collecting urine. With cattle, urine is collected in rubber urinals attached 
below the abdomen for males and over the vulva for females, and is piped by gravity or suction to 
a collection vessel. An alternative method of collecting urine from females, which is commonly used 
in pigs, is to insert a rubber catheter into the vagina. 

When methane production is measured to estimate unproductive energy losses, the animal is 
usually kept in an airtight container known as a respiration chamber (see p. 267). More recently, the 
significance of methane production from ruminants in relation to global warming has stimulated the 
development of an alternative technique that allows methane to be measured from individual ani- 
mals, whether confined or not. In this technique, a calibrated permeation tube containing sulphur 
hexafluoride (SF¢) is inserted into the rumen and releases SF, through a permeable membrane at a 
controlled rate. After a 5-day adaptation period, breath samples are collected from near the nose of 
each animal using capillary tubing over a 24-hour period into pre-evacuated canisters. The concen- 
trations of SF, and CH, are measured by gas chromatography and the methane emission rate, cor- 
rected for background levels, is calculated as: 


QCH, = QSF, X [CH4]/[SF6] 


where [CH4] and [SF6] are measured concentrations in excess of background and QSF, is the rate 
of SF, release from the permeation tube. 
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the ME value of poultry foods. Cockerels are fasted (or fed a small quantity of glu- 
cose solution) for 48 hours until their digestive tract is empty, and then force-fed a 
single meal (30-40 g) of the food under investigation using a stainless-steel funnel 
and plunger inserted carefully down the oesophagus into the crop. Excreta are then 
collected until all the residues arising from the single meal have been voided. At the 
same time the small quantities of excreta voided by fasted (or glucose-fed) birds are 
collected, as a measure of endogenous losses. The energy derived from these endoge- 
nous losses is then subtracted from the energy derived from the excreta of the fed 
birds, and so the estimate of ME obtained is a true rather than apparent value (see 
p. 243). This is known as true metabolisable energy (TME) and is not directly compara- 
ble with measures of ME obtained using other techniques. 


Factors affecting the metabolisable energy values of foods 


Table 11.1 shows the ME values of a number of foods. It is clear that, of the energy 
losses so far considered, faecal losses are by far the most important. Even for highly 
digestibility foods such as barley, twice as much energy is lost in the faeces as in the 
urine and methane. The main factors affecting the ME value of a food are therefore 
those that influence its digestibility. These have been discussed earlier (see Chapter 10); 
the emphasis here is on urine and methane losses. 

The ME value of a food will vary, depending on the species of animal to which 
it is given or, more specifically, on the type of digestion to which it will be sub- 
jected. Fermentative digestion, in the rumen or further along the gut, incurs losses 
of energy as methane. A lesser effect of the intervention of microorganisms in 


Table 11.1 Metabolisable energy values of some typical foods (MJ/kg DM) 


Animal Food Gross Energy lost in ME 
energy Faeces Urine Methane 
Fowl Maize 18.4 2.2 _ 16.2 
Wheat 18.1 2.8 _ 15.3 
Barley 18.2 4.9 _ 13.3 
Pig Maize 18.9 1.6 0.4 _ 16.9 
Oats 19.4 5.5 0.6 _ 13.3 
Barley 17.5 2.8 0.5 _ 14.2 
Coconut cake meal 19.0 6.4 2.6 _ 10.0 
Sheep Barley 18.5 3.0 0.6 2.0 12.9 
Dried ryegrass (young) 19.5 3.4 1.5 1.6 13.0 
Dried ryegrass (mature) 19.0 7.1 0.6 1.4 9.9 
Grass hay (young) 18.0 5.4 0.9 1.5 10.2 
Grass hay (mature) 17.9 7.6 0.5 1.4 8.4 
Grass silage 19.0 5.0 0.9 1.5 11.6 
Cattle Maize 18.9 2.8 0.8 1.3 14.0 
Barley 18.3 4.1 0.8 1.1 12.3 
Wheat bran 19.0 6.0 1.0 1.4 10.6 
Lucerne hay 18.3 8.2 1.0 1.3 7.8 


259 


Chapter 11 Evaluation of foods: energy content of foods and energy partition within the animal 


260 


digestion is an increase in the losses of energy in either urine (as the breakdown 
products of the nucleic acids of bacteria that have been digested and absorbed) or 
faeces (as microorganisms grown in the hind gut and not digested). In general, 
losses of energy in methane and in urine are greater for ruminants than for non- 
ruminants, and so foods such as concentrates, which are digested to the same extent 
in ruminants and non-ruminants, will have a higher ME value for non-ruminants 
(cf. values for barley in Table 11.1). However, tibrous foods given to non-ruminants 
will also incur losses due to fermentative digestion in the hind gut. In ruminants, 
foods such as silages that have been fermented before consumption by the animal 
will incur smaller energy losses in digestion but will already have incurred losses in 
the silo. Thus, silages are said to contain less fermentable metabolisable energy 
(FME) than comparable foods such as hays; this difference, however, is of greater 
importance to the protein nutrition of ruminants (see Chapters 8 and 13) than to 
energy nutrition. 

A final comment on the effect of animal species is that differences between cattle 
and sheep in urine and methane losses of energy are small and of no significance. 

The ME value of a food will vary depending on whether the amino acids supplied 
are retained by the animal for protein synthesis or deaminated and their nitrogen ex- 
creted in the urine as urea. For this reason, ME values are sometimes corrected to 
zero nitrogen balance by deducting either 28 kJ (pigs), 31 kJ (ruminants) or 34 kJ 
(poultry) for each 1 g of nitrogen retained. The factor most appropriate to each 
species of animal depends on the extent to which nitrogen is excreted as urea (gross 
energy 23 kJ/g nitrogen) or other compounds (e.g. uric acid, 28 kJ/g nitrogen). If an 
animal is excreting more nitrogen in its urine than it is absorbing from its food (i.e. is 
in negative nitrogen balance; see Chapter 13), then some of the urine nitrogen is not 
derived from the food, and in this case the ME value must be subjected to a positive 
correction. 

In ruminants, increases in the level of feeding and the manner in which food is 
processed may in some cases affect its ME value. As discussed earlier (see Chap- 
ter 10), increases in the level of feeding, or the grinding and pelleting of forages, result 
in higher rates of passage and increased faecal energy loss (see Table 10.2 in Chap- 
ter 10). However, this may be partly offset by reductions in methane production. 
Nevertheless, for finely ground roughages and for mixed roughage and concentrate 
diets, ME values are reduced by increases in level of feeding. For poultry, the grinding 
of cereals has no consistent effect on ME values. 

In theory it should be possible to prevent the production of methane in the 
rumen and thereby avoid losing 8-12 per cent of gross energy intake in this form. 
In practice it is possible to suppress methane production by adding antimicrobial 
drugs to the diet (one effective chemical is chloroform), but the consequences are 
not consistently favourable. Energy may be diverted to another gaseous by-product, 
hydrogen (see Fig. 8.3 in Chapter 8); furthermore, the rumen microorganisms may 
adapt to the presence of the drug and revert to the synthesis of methane. The coc- 
cidiostat monensin, which has been widely used as a feed-borne growth promoter 
for beef cattle, is considered to be a methane suppressant. However, there is some 
evidence that methanogenic microorganisms can adapt to this agent. Since the ban 
on the use of antimicrobial growth promoters as feed additives by the EU in 
January 2006 and the increasing recognition of methane from ruminants as an 
important greenhouse gas, there has been renewed interest in alternative methods 
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of reducing methane production with products such as yeast culture and plant 
extract (see Chapter 24). 


Heat increment of foods 


The ingestion of food by an animal is followed by losses of energy not only as the 
chemical energy of its solid, liquid and gaseous excreta but also as heat. Animals are 
continuously producing heat and losing it to their surroundings, either directly by ra- 
diation, conduction and convection, or indirectly by the evaporation of water. If a 
fasting animal is given food, then within a few hours its heat production will increase 
above the level represented by basal metabolism. This increase is known as the heat 
increment of the food; it is quite marked in humans after a large meal. The heat in- 
crement may be expressed in absolute terms (MJ/kg DM) or relatively as a propor- 
tion of either GE or ME. Unless the animal is in a particularly cold environment, this 
heat energy is of no value to the animal and must be considered, like the energy of 
the excreta, as a tax on the energy of the food. 

The causes of the heat increment are to be found in the processes associated with 
digestion of foods and metabolism of the nutrients derived from them. The act of eat- 
ing, which includes chewing, swallowing and the secretion of saliva, requires muscu- 
lar activity, for which energy is supplied by the oxidation of nutrients; in ruminants 
chewing fibrous foods, the energy cost of eating is estimated to be 3-6 per cent of 
ME intake. The energy cost of rumination, however, is much less than the cost of eat- 
ing and is estimated to be about 0.3 per cent of ME intake. Ruminants also generate 
heat through the metabolism of their gut microorganisms; this is estimated to 
amount to about 7-8 per cent of ME intake (or alternatively 0.6 kJ per kJ of 
methane produced). 

More heat is produced when nutrients are metabolised. For example, it was 
shown in Chapter 9 that if glucose is oxidised for the formation of ATP, then the ef- 
ficiency of free energy capture is only about 0.52, with 0.48 being lost as heat. More- 
over, the efficiency will be even less if temporary storage of nutrients is required (e.g. 
glucose stored as glycogen) because more reactions are required. Similar inefficiency 
is apparent in the synthesis of the body’s structural constituents. The linking of one 
amino acid to another, for example, requires the expenditure of four pyrophosphate 
high-energy bonds, and if the ATP that provides these is obtained through glucose 
oxidation, then about 2.5 MJ of energy will be released as heat for each kilogram of 
protein formed. Protein synthesis, it should be noted, occurs not only in growing 
animals but also in those kept at a maintenance level, in which protein synthesis is a 
part of the process of protein turnover (see p. 216). Protein metabolism is estimated 
to account for about 10 per cent of the animal’s heat production. The animal also ex- 
pends high-energy phosphate bonds to do the work involved in the movement of 
substances (e.g. Na’ and K” ions) against concentration gradients. This so-called ion 
pumping may also contribute 10 per cent of the animal’s heat production. Heat is 
produced within the body in those regions with the most active metabolism. Thus, it 
has been estimated that in ruminants, which have a large and metabolically active 
gut, as much as half of the total heat production originates from the gut and liver. 

We shall see later that the heat increment of foods varies considerably, depending 
on the nature of the food, the type of animal consuming it and the various processes 
for which nutrients are used. 
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11.3 


Net energy (NE) and energy retention 


Subtraction of the heat increment of a food from its ME value gives the net energy 
(NE) value of a food. The NE value of a food is the energy that is available to the an- 
imal for useful purposes, i.e. for body maintenance and for various form of produc- 
tion (see Fig. 11.2). 

Net energy used for maintenance is mainly used to perform work within the body 
and will leave the animal as heat. That used for growth and fattening and for milk, 
egg or wool production either is stored in the body or leaves it as chemical energy, 
and the quantity so used is referred to as the animal’s energy retention. 

It is important to understand that of the heat lost by the animal only a part, the 
heat increment of the food, is truly waste energy, which can be regarded as a direct 
tax on the food energy. The heat resulting from the energy used for body mainte- 
nance is considered to represent energy that has been used by the animal and de- 
graded into a useless form during the process of utilisation. 


ANIMAL CALORIMETRY: METHODS FOR MEASURING HEAT 
PRODUCTION AND ENERGY RETENTION 


Calorimetry means the measurement of heat.The partition of food energy presented 
in Fig. 11.2 shows that if the ME intake of an animal is known, then the measure- 
ment of its total heat production will allow its energy retention to be calculated by 
difference (likewise, the measurement of energy retention will allow heat production 
to be calculated). In practice, measurement of either heat production or energy 
retention is used to establish the NE value of a food. 

The methods used to measure heat production and energy retention in animals 
can be quite complicated, both in principle and in practice. In the past, the complex- 
ity and cost of the apparatus required for animal calorimetry limited its use to a 
small number of nutritional research establishments. Improved funding of research 
has gradually removed this restriction, but even so, animal calorimetry remains a 
specialised topic and few nutritionists become involved in it. Nevertheless, the study 
of animal calorimetry on paper (as in this book) is valuable to all students of nutri- 
tion, because it reinforces their knowledge of the principles of energy metabolism. In 
the pages that follow, the principles of the methods used in animal calorimetry are 
explained within the main body of the text, and the apparatus employed is described 
in Boxes 11.3, 11.4 and 11.5. 

The heat production of animals can be measured physically using a procedure 
known as direct calorimetry. Alternatively, heat production can be estimated from 
the respiratory exchange of the animal. For this, a respiration chamber is normally 
used and the approach is one of indirect calorimetry. Respiration chambers can also 
be used to estimate energy retention rather than heat production, by a procedure 
known as the carbon and nitrogen balance technique. 


Direct calorimetry 


Animals do not store heat, except for relatively short periods of time, and when 
measurements are made over periods of 24 hours or longer it is generally safe to as- 
sume that the quantity of heat lost from the animal is equal to the quantity produced. 
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Fig. 11.3 The difference method for estimating the heat increment of foods. A is 
the basal metabolism and B and C represent heat production at metabolisable 
energy intakes of 40 MJ and 100 MJ, respectively. For the sake of simplicity, the 
relationship between heat production and metabolisable energy intake is shown 
here as being linear, i.e. ABC is a straight line; however, as explained later in the 
chapter, this is not usually the case. 


To determine the heat increment of a food, animals are given the food at two levels 
of ME intake and their heat production is measured at each level. The heat increment 
is calculated as shown in Fig. 11.3. Two levels are needed because a part of the ani- 
mal’s heat production is contributed by its basal metabolism. An increase in food in- 
take causes total heat production to rise, but the basal metabolism is assumed to 
remain the same. The increase in heat production is thus the heat increment of the 
extra food given. 

In the example shown in Fig. 11.3, food was given at two levels to supply 40 MJ 
and 100 MJ ME. The additional energy, 60 MJ (BD in the figure) was associated with 
an increase in heat production of 24 MJ (CD in the figure). The heat increment as a 
fraction of the additional energy provided can be calculated as follows: 


CD/BD or 24/60 = 0.4 


It is also possible to make the lower level of intake zero, and to estimate the heat 
increment as the difference in heat production between basal (or fasting) metabolism 
and that produced in the fed animal. Using this method, the heat increment of the 
food can be calculated as follows: 


BE/AE or 16/40 = 0.4 


If a single food is being investigated, then it may be given as the sole item of the 
diet at both levels. If the food is one that would not normally be given alone, then 
the lower level may be obtained by giving a basal ration and the higher level by the 
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BOX 11.3 Animal calorimeters 


Heat is lost from an animal body principally by radiation, conduction and convection from body 
surfaces and by evaporation of water from the skin and lungs. An animal calorimeter is essentially 
an airtight, insulated chamber. In most early calorimeters, sensible heat losses (i.e. those associated 
with radiation, conduction and convection) were taken up in water circulated through coils within 
the chamber; the quantity of heat removed from the chamber was then calculated from the flow 


rate of water and the difference between its entry and exit temperature. Evaporative heat losses 
were measured by recording the volume of air drawn through the chamber and its moisture content 
on entry and exit. In a more recent type of calorimeter, the gradient layer calorimeter, the quantity 
of heat is measured electrically as it passes through the wall of the chamber. This type of calor- 
imeter lends itself to automation, and both sensible and evaporative heat losses can be recorded 
automatically. Most calorimeters incorporate apparatus to measure respiratory exchange and there- 
fore can be used for indirect calorimetry as well. 


same basal ration plus some of the food under investigation. For example, the heat 
increment of barley eaten by sheep could be measured by feeding the sheep first on 
a basal ration of hay and then on an equal amount of the same hay plus some of the 
barley. 

Because animal calorimeters are expensive to build and earlier types required 
much labour to operate them, animal calorimetry today is mainly carried out by the 
indirect method described below. 


Indirect calorimetry by measurement of respiratory exchange 


The substances that are oxidised in an animal’s body, and whose energy is therefore 
converted into heat, consist mainly of carbohydrates, fats and proteins. The overall 
reaction for the oxidation of a carbohydrate such as glucose is: 


CH1206 + 60) — 6CO, + 6H,O + 2820 kJ [11.1] 


and for the oxidation of the typical fat such as tripalmitin is: 
C3Hs5(OOC.C15H31)3 + 72.50; — 51CO, + 49H,O + 3202 kJ [11.2] 


One gram-molecule of oxygen occupies 22.4 l at normal temperature and pres- 
sure (NPT). Thus, if an animal is obtaining all its energy from the oxidation of glu- 
cose, then the utilisation of one litre of oxygen would lead to the production of 
2820/(6 X 22.4) = 20.98 kJ of heat; for mixtures of carbohydrates, an average value 
is 21.12 kJ/l. Such values are known as thermal equivalents of oxygen and are used 
in indirect calorimetry to estimate heat production from oxygen consumption. For 
animals catabolising mixtures of fats, the thermal equivalent of oxygen is 19.61 kJ/l 
(cf. 19.73 kJ/l calculated for a single fat from Equation 11.2). 

Animals do not normally obtain energy exclusively from either carbohydrate or 
fat. They oxidise a mixture of these (and protein). Consequently, in order to apply 
the appropriate thermal equivalent, it is necessary to know how much of the oxygen 
is used for oxidation of each nutrient. The proportions are calculated from what is 
known as the respiratory quotient (RQ). This is the ratio between the volume of carbon 
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dioxide produced by the animal and the volume of oxygen used. Since, under the same 
conditions of temperature and pressure, equal volumes of gases contain equal num- 
bers of molecules, the RQ can be calculated from the molecules of carbon dioxide 
produced and oxygen used. From Equation 11.1 the RQ for carbohydrate is calcu- 
lated as 6CO2/602 = 1, and from Equation 11.2 the RQ of the fat tripalmitin is cal- 
culated as 51CO2/72.50, = 0.70. If the RQ of an animal is known, the proportions 
of fat and carbohydrate oxidised can then be determined from standard tables. 
For example, an RQ of 0.9 indicates the oxidation of a mixture of 67.5 per cent car- 
bohydrate and 32.5 per cent fat, and the thermal equivalent of oxygen for such a 
mixture is 20.60 kJ/I. 

The mixture oxidised generally includes protein. The quantity of protein 
catabolised can be estimated from the output of nitrogen in the urine, with 0.16 g of 
urinary nitrogen being excreted for each gram of protein oxidised. The heat of com- 
bustion of protein (i.e. the heat produced when it is completely oxidised) varies ac- 
cording to the amino acid proportions but averages 22.2 kJ/g. Protein, however, is 
incompletely oxidised in animals because the body cannot oxidise nitrogen, and the 
average amount of heat produced by the catabolism of protein is 18.0 kJ/g. For each 
gram of protein oxidised, 0.77 1 of carbon dioxide is produced and 0.96 1 of oxygen 
used, giving an RQ of 0.8. 

Heat is produced not only when nutrients are oxidised but also when they are 
used for the synthesis of animal tissues. However, it has been found that the quanti- 
ties of heat produced during tissue synthesis bear the same relationship to respira- 
tory exchange as they do when the nutrients are completely oxidised. 

The relationship between respiratory exchange and heat production is disturbed 
if the oxidation of carbohydrate and fat is incomplete. This situation arises in the 
metabolic disorder known as ketosis, in which fatty acids are not completely oxi- 
dised to carbon dioxide and water, and carbon and hydrogen leave the body as ke- 
tones or ketone-like substances. Incomplete oxidation also occurs under normal 
conditions in ruminants, because an end product of carbohydrate fermentation in 
the rumen is methane. In practice, heat production calculated from respiratory ex- 
change in ruminants is corrected for this effect by the deduction of 2.42 kJ for each 
litre of methane produced. 

The calculations explained above may be combined into a single equation called 
the Brouwer equation (after the Dutch scientist E Brouwer): 


HP = 16.18 VO, + 5.16 VCO, — 5.90 N — 2.42 CHy [11.3] 


where HP = heat production (kJ), VO2 = oxygen consumption (litres), VCO2 = 
carbon dioxide production (litres), N = urinary nitrogen excretion (g) and CH4 = 
methane production (litres). 

For poultry the N coefficient is 1.20 (instead of 5.90), as poultry excrete nitrogen 
in the form of uric acid, which is more oxidised than urea. 

In some situations, discussed in more detail later, heat production has to be es- 
timated from oxygen consumption alone. If a respiratory quotient of 0.82 and a 
thermal equivalent of 20.0 kJ/l are assumed, then departures from this RQ in the 
range of 0.7-1.0 cause a maximum bias of no more than 3.5 per cent in the estimate 
of heat production. A further simplification is possible in respect of protein metab- 
olism. The thermal equivalent of oxygen used for protein oxidation is 18.8 kJ/l, not 
very different from the value of 20.0 assumed for carbohydrate and fat oxidation. 
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Table 11.2 Calculation of the heat production of a calf from values for its 
respiratory exchange and urinary nitrogen excretion 


Results of the experiment (/24 hours) 


Oxygen consumption (l) 392.0 
Carbon dioxide produced (l) 310.7 
Nitrogen excreted in urine (g) 14.8 
Heat from protein metabolism 
Protein oxidised (g) (14.8 X 6.25) 92.5 
Heat produced (kJ) (92.5 x 18.0) 1665 
Oxygen used (l) (92.5 X 0.96) 88.8 
Carbon dioxide produced (l) (92.5 X 0.77) 71.2 
Heat from carbohydrate and fat metabolism 
Oxygen used (l) (392.0 — 88.8) 303.2 
Carbon dioxide produced (l) (310.7 — 71.2) 239.5 
Non-protein respiratory quotient (RQ) (239.5/303.2) 0.79 
Thermal equivalent of oxygen when RQ = 0.79 (kJ/l) 20.0 
Heat produced (kJ) (303.2 x 20.0) 6064 
Total heat produced (kJ) (1665 + 6064) 7729 


After Blaxter K L, Graham McC and Rook J A F 1955 Journal of Agricultural Science, Cambridge 45: 10. 


If only a small proportion of the heat production is derived from protein oxidation, 
then it is unnecessary to assess it separately and urinary nitrogen output need not 
be measured. 

An example of the calculation of heat production from respiratory exchange is 
shown in Table 11.2. If the Brouwer equation (Equation 11.3) had been applied to 
the respiratory exchange data of Table 11.2, then heat production would have been 
estimated as 7858 kJ. 

In recent years, the emphasis of scientists studying animal energetics has moved 
away from whole-body metabolism towards studying the energy exchange of specific 
organs or tissues. The basic methodology of such studies is that catheters are inserted 
into the major blood vessels supplying and draining a particular organ. Both the flow 
and composition of blood are measured in order to allow oxygen uptake and carbon 
dioxide production to be estimated. At the same time, the uptake of other metabo- 
lites, such as glucose, can also be measured. 


Measurement of energy retention by the carbon and nitrogen 
balance technique 


In indirect calorimetry, using respiratory exchange, heat production is estimated, and 
energy retention is calculated as the difference between metabolisable energy intake 
and heat production (as in Table 11.2). An alternative approach is to estimate energy 
retention more directly and to calculate heat production by difference. 

The main forms in which energy is stored by the growing and fattening animal are 
protein and fat, as carbohydrate reserves of the body are small and relatively con- 
stant. The quantities of protein and fat stored can be estimated by carrying out a car- 
bon and nitrogen balance trial — that is, by measuring the amounts of these elements 
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BOX 11.4 Measurement of respiratory exchange using respiration chambers 


The apparatus most commonly used for farm animals is a respiration chamber. The simplest type of 
chamber, the closed-circuit type (Fig. 11.4a), consists of an airtight chamber for the animal together 
with vessels holding absorbents for carbon dioxide and water vapour. The chamber incorporates de- 
vices for feeding, watering and even milking the animal. The oxygen used by the animal is replaced 
from a metered supply. At the end of a trial period (24 hours), the carbon dioxide produced can be 
measured by weighing the absorbent; any methane produced can be measured by sampling and 
analysing the air in the chamber. The main disadvantage of the closed-circuit chamber is that large 
quantities of absorbents are required; thus, for a cow, 100 kg of soda lime would be needed each 
day to absorb carbon dioxide and 250 kg of silica gel to absorb water vapour. 

In the alternative, open-circuit type of chamber (Fig. 11.4b), air is drawn through the chamber at 
a metered rate and sampled for analysis on entry and exit. Thus, carbon dioxide production, methane 
production and oxygen consumption can be estimated. As the differences in composition between 
inlet and outlet air must be kept small if conditions for the animal are to be kept normal, very accu- 
rate measures of gas flow and composition are required. Modern equipment, based on infrared 
analysers, meet this criterion, and open-circuit chambers have now largely replaced closed-circuit 
chambers. With some chambers it is possible to alternate between closed- and open-circuit operation. 
Closed-circuit operation for perhaps 30 minutes, with no gas absorption, produces appreciable 
changes in the composition of the chamber air. Then a brief period (about 3 minutes) of open-circuit 
operation allows the chamber air to be flushed out through a flow meter and sampling device. 
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Fig. 11.4 Diagrams of respiration chambers. 
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BOX 11.5 Measurement of respiratory exchange in unconfined animals 


Respiratory exchange can be measured without an animal chamber if the subject is fitted with a 
face mask, which is then connected to either a closed or an open circuit for determining either oxy- 
gen consumption alone or both oxygen consumption and carbon dioxide production. This method is 
suitable for short periods of measurement but cannot be used to estimate heat production when the 
animal is eating. For longer-term measurements of energy metabolism in unconfined (e.g. grazing) 
animals, heat production can be estimated with reasonable accuracy from carbon dioxide produc- 
tion alone. The latter is measured by infusing into the body fluids a source of radio-labelled carbon 
dioxide (fC sodium bicarbonate) and sampling body fluids to determine the degree to which the 
labelled carbon dioxide is diluted by that produced by the animal. 
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entering and leaving the body and so, by difference, the amounts retained. The en- 
ergy retained can then be calculated by multiplying the quantities of nutrients stored 
by their calorific values. 

Both carbon and nitrogen enter the body in food, and nitrogen leaves it in faeces 
and urine. However, carbon also leaves the body as methane and carbon dioxide. 
Consequently, the balance trial must therefore be carried out in a respiration cham- 
ber. The procedure for calculating energy retention from carbon and nitrogen bal- 
ance data is best illustrated by considering an animal in which storage of both fat and 
protein is taking place. In such an animal, intakes of carbon and nitrogen will be 
greater than the quantities excreted, and the animal is said to be in positive balance 
with respect to these elements. The quantity of protein stored is calculated by multi- 
plying the nitrogen balance by 1000/160 (= 6.25), as body protein is assumed to 
contain 160 g N/kg. It also contains 512 g C/kg, and the amount of carbon stored as 
protein can therefore be calculated. The remaining carbon is stored as fat, which con- 
tains 746 g C/kg. Fat storage is therefore calculated by dividing the carbon balance, 
less that stored as protein, by 0.746. The energy present in the protein and fat stored 
is then calculated by using average calorific values for body tissue. These values vary 
from one species to another; for cattle and sheep, those now recommended are 
39.3 MJ/kg for fat and 23.6 MJ/kg for protein. An example of this method of calcu- 
lating energy retention (and heat production) is shown in Table 11.3. 

The advantages of the carbon and nitrogen balance technique are that no measure 
of oxygen consumption (or RQ) is required and that energy retention is subdivided 
into that stored as protein and that stored as fat. 


Measuring energy retention by the comparative slaughter technique 


Because calorimetric experiments require elaborate apparatus and can only be con- 
ducted with small numbers of animals, energy retention is often measured in other 
ways. In many feeding trials the animal’s intake of digestible or metabolisable energy 
can be measured satisfactorily, but their energy retention can only be estimated from 
changes in liveweight. Weight change, however, provides an inaccurate estimate of en- 
ergy retention, first because it may simply represent changes in the contents of the gut 
or bladder, and second because the energy content of true tissue gain varies over a 
wide range depending on the relative proportions of bone, muscle and fat deposited 
(see Chapter 14). These complications are only partly overcome when energy retention 


Animal calorimetry: methods for measuring heat production and energy retention 


Table 11.3 Calculation of the energy retention and heat production of a sheep 
from its carbon and nitrogen balance 


Results of experiment (/ 24 hours) C (g) N (g) Energy (MJ) 
Intake 684.5 41.67 28.41 
Excretion in faeces 279.3 13.96 11.47 
Excretion in urine 33.6 25.41 1.50 
Excretion in methane 20.3 _ 1.49 
Excretion in CO 278.0 = = 
Balance 73.3 2.30 _ 
Intake of metabolisable energy _ _ 13.95 

Protein and fat storage 
Protein stored (g) (2.3 x 6.25) 14.4 
Carbon stored as protein (g) (14.4 x 0.512) 7.4 
Carbon stored as fat (g) (73.3 — 7.4) 65.9 
Fat stored (g) (65.9/0.746) 88.3 

Energy retention and heat production 
Energy stored as protein (MJ) (14.4 x (23.6/1000)) 0.34 
Energy stored as fat (MJ) (88.3 x (39.3/1000)) 3.47 
Total energy retention (MJ) (0.34 + 3.47) 3.81 
Heat production (MJ) 13.95 — 3.81 10.14 


After Graham N McC 1955 Journal of Agricultural Science, Cambridge 46: 292. 


is in the form of milk or eggs, where energy content can be easily measured because 
energy retention in these products is invariably accompanied by retention in other tis- 
sues (e.g. lactating cows are normally gaining or losing weight and energy). 

Energy retention can, however, be measured in feeding trials if the energy content 
of the animal is estimated at the beginning and end of the experiment. In the com- 
parative slaughter method, this is done by dividing the animals into two groups and 
slaughtering one group of animals (the initial slaughter group) at the beginning of 
the trial. The energy content of the slaughtered animals is then determined by bomb 
calorimetry, the samples used being taken either from the whole, minced body or 
from body tissues that have been separated by dissection. A relationship is then ob- 
tained between the liveweight of the animals and their energy content, and this is 
used to predict the initial energy content of animals in the second group. The latter 
are slaughtered at the end of the trial and treated in the same manner as those in the 
initial slaughter group. The energy gained can then be calculated. 

Table 11.4 shows an example of the use of the comparative slaughter technique in 
an experiment in which, for comparative purposes, respiratory exchange calorimetry 
was also employed. Cockerels were slaughtered either before or after a 4-day period 
in respiration chambers. Their energy gain was calculated as the difference between 
initial and final body energy content, and deducted from the bird’s known 
metabolisable energy intake to give an estimate of heat production, which agreed 
within 2 per cent with the estimate obtained by respiratory exchange calorimetry. 
Most comparative slaughter trials would last longer and hence give a greater incre- 
ment in energy balance than that shown in Table 11.4. It is also worth noting that 
comparative slaughter trials often give lower estimates of energy retention than tri- 
als conducted with animals in calorimeters, possibly because the former allow more 
opportunity for animals to expend energy on muscular activity. 
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11.4 


Table 11.4 Use of the comparative slaughter technique to estimate the energy 
retention and heat production of poultry 


Details of birds Initial Final Difference 
Liveweight (g) 2755 2823 68 
Gross energy (kJ) 27491 28170 679 
Metabolisable energy intake (kJ) 2255 

Heat production (kJ) (2255-679) 1576 

Heat production by respiration calorimetry (kJ) 1548 


After Fuller H L, Dale N M and Smith C F 1983 Journal of Nutrition 113: 1403. 


The comparative slaughter method requires no elaborate apparatus but is expensive 
and laborious when applied to larger animal species.The method becomes less costly 
if body composition, and hence energy content, can be measured in the living ani- 
mal, or, failing that, in the whole, undissected carcass. Several chemical methods 
have been developed for estimating body composition in vivo. For most of them the 
principle employed is that the lean body mass of animals (i.e. empty body weight 
less weight of fat) is relatively constant in composition. For example, in cattle 1 kg 
lean body mass contains 729 g water, 216 g protein and 53 g ash. This means that if 
the weight of water in the living animal can be measured, the weights of protein and 
ash can then be estimated. In addition, if the total weight is known, the weight of fat 
can be estimated by subtracting the lean body mass. In practice, total body water can 
be estimated by so-called dilution techniques, in which a known quantity of a 
marker substance is injected into the animal, allowed to equilibrate with body water 
and its equilibrium concentration determined. The marker substances most com- 
monly used are water containing the radioactive isotope of hydrogen tritium, or its 
heavy isotope deuterium. One difficulty with these techniques is that the markers 
mix not only with actual body water but also with water present in the gut (in rumi- 
nants as much as 30 per cent of total body water may be in gut contents). A second 
chemical method for estimating body composition in vivo is based on the constant 
concentration of potassium in the lean body mass. 

The composition of a carcass is often estimated without dissection or chemical 
analysis from its specific gravity. Fat has an appreciably lower specific gravity than 
bone and muscle, and the fatter the carcass, the lower will be its specific gravity. The 
specific gravity of a carcass is determined by weighing it in air and in water, but this 
method has technical difficulties (e.g. air trapped under water) that make it impre- 
cise. Nevertheless, estimates of energy utilisation obtained by comparative slaughter 
and specific gravity measurements have been used in the USA to establish a com- 
plete cattle feeding system (see Chapter 12). 


UTILISATION OF METABOLISABLE ENERGY 


The general relationship between the ME intake of an animal and its energy reten- 
tion is shown in Fig. 11.5. When ME intake is zero (i.e. the animal is fasted), energy 
retention is negative; in this situation, the animal uses its reserves to provide energy 
for the maintenance of its essential bodily functions, and this energy leaves the ani- 
mal as heat. As ME intake increases, energy loss (i.e. negative retention) diminishes; 
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Fig. 11.5 Efficiency of metabolisable energy utilisation (an example based on 
metabolisable energy utilisation by a growing ruminant). 


when energy retention is zero, ME intake is sufficient to meet the animal’s require- 
ment for body maintenance. As ME intake increases further, the animal begins to re- 
tain energy, either in its body tissues or in products such as milk and eggs. 

The slope of the line relating retention to intake is a measure of the efficiency of 
ME utilisation. For example, if the ME intake of an animal was increased by 10 MJ 
and its retention increased by 7 MJ, then the efficiency of utilisation of ME would be 
calculated as 7/10 = 0.7. (Conversely, the heat increment would be calculated as 
3/10 = 0.3 of the ME.) These efficiency values are conventionally called k factors, 
with the letter k carrying a subscript to indicate the function for which ME is being 
used. The commonly used k factors are shown in Box 11.6. 

The term k; has been used to denote both the specific efficiency of fat deposition 
(as indicated above) and the general efficiency of energy deposition in what were 
once called ‘fattening’ animals. Today, the preferred term for the latter use is kg, as 
animals are now considered to grow rather than fatten. 


BOX 11.6 Efficiency factors (k) used to describe the efficiency of metabolisable energy 
(ME) utilisation 


k factor Efficiency of ME utilisation for 


Maintenance 

Protein deposition 

Fat deposition 

Growth in general 

Milk production 

Foetal growth (the conceptus) 
Work (e.g. in draught animals) 
Wool growth 
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In Fig. 11.5 the line relating ME intake to energy retention changes in slope when 
the ME intake reaches maintenance (energy retention = 0), becoming less steep and 
indicating a reduction in efficiency. Scientists argue as to whether there should be an 
abrupt bend (as in Fig. 11.5) or whether the relationship between ME intake and en- 
ergy retention should be represented by a smooth curve. Conceptually, however, it is 
convenient to envisage a difference in the efficiency of ME utilisation below and 
above maintenance. The apparently greater efficiency below maintenance is due to 
the fact that kmis not an absolute measure of the efficiency of energy utilisation from 
absorbed nutrients but is a relative measure of the efficiency with which nutrients 
obtained from food can be used to replace energy sources obtained from body re- 
serves; this rather difficult concept is illustrated later. 

An additional feature of Fig. 11.5 is the shaded area on either side of the lines. 
This is intended to indicate that the efficiency of ME utilisation is quite variable. We 
shall see later that the principal causes of this variation in efficiency are, first, the na- 
ture of the chemical compounds from which ME is derived (hence the nature of the 
food and the manner in which it is digested) and, second, the function for which 
these compounds are used by the animal. 


Utilisation of metabolisable energy for maintenance 


For maintenance purposes, the animal oxidises nutrients absorbed from its food 
principally to provide energy for work. If no food is provided, then it obtains this en- 
ergy mainly by the oxidation of body fat. When food is provided, but in quantities in- 
sufficient to provide all the energy needed for maintenance, the task of providing 
ATP is partially transferred from body fat reserves to the nutrients absorbed. If the 
energy derived from these absorbed nutrients is transferred to ATP as efficiently as 
that derived from body fat, then no additional heat will be produced, apart from that 
associated specifically with the consumption, digestion and absorption of food. Heat 
of fermentation comes into this category and also the work of digestion (i.e. heat 
arising from energy used for mastication of food and its propulsion through the gut, 
in the absorption of nutrients and in their transport to tissues). 

The efficiency of free energy capture when body fats are oxidised and ATP is 
formed can be calculated from the reactions shown in Chapter 9 to be of the order 
of 0.67. For glucose, to take an example of a nutrient, the efficiency is similar, at 
about 0.70. One would therefore expect that glucose given to a fasting animal would 
be utilised without any increase in heat production, or in other words with apparent 
(calorimetric) efficiency of 1.0. Table 11.5 shows that this is approximately true. In 
sheep the efficiency is reduced through fermentation losses if the glucose passes into 
the rumen, but these losses are avoided if it is infused directly into the abomasum. 

Table 11.5 also shows that, as one would expect, dietary fat is used for mainte- 
nance with high energetic efficiency. However, when protein is used to provide en- 
ergy for maintenance, there is an appreciable heat increment of about 0.2, which is in 
part attributable to the energy required for urea synthesis (see Chapter 9). In rumi- 
nants, energy for maintenance is absorbed largely in the form of volatile fatty acids. 
Experiments in which the pure acids have been infused singly into the rumen of fast- 
ing sheep have shown that there are differences between them in the efficiency with 
which their energy is utilised (Table 11.5). But when the acids are combined into 
mixtures representing the extremes likely to be found in the rumen, the efficiency of 
utilisation is uniform and high. Nevertheless the efficiency is still less than that for 
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Table 11.5 Efficiency of metabolisable energy utilisation for maintenance 
from various nutrients and foods 


Ruminant Pig etc.? Fowl 

Food constituent 

Glucose 0.94 (1.00)? 0.95 0.89 

Starch 0.80 0.88 0.97 

Olive oil 0.97 0.95 

Casein 0.70 (0.82)b 0.76 0.84 
Fermentation product 

Acetic acid 0.59 

Propionic acid 0.86 

Butyric acid 0.76 

Mixture A 0.87 

Mixture Bd 0.86 
Concentrates 

Maize 0.80 

Balanced diets 0.70 0.85 0.90 
Forages 

Dried ryegrass (young) 0.78 

Dried ryegrass (mature) 0.74 

Meadow hay 0.70 

Lucerne hay 0.82 

Grass silage 0.65-0.71 


‘Including dog and rat. 

bvalues in parentheses are from administration via the duodenum. 
“Mixture A: acetic acid 0.25, propionic acid 0.45, butyric acid 0.30. 
dMixture B: acetic acid 0.75, propionic acid 0.15, butyric acid 0.10. 


glucose, and this discrepancy, together with the energy lost through heat of fermen- 
tation in ruminants, leads one to expect that ME will be utilised more efficiently for 
maintenance in those animals in which it is absorbed in the form of glucose than in 
ruminants. 

Very few experiments have been conducted to determine the efficiency of ME 
utilisation of foods for maintenance, and these few have been restricted almost en- 
tirely to ruminant animals fed forages. A selection of the results is presented in 
Table 11.5. 

Most of the ME from forages would have been absorbed in the form of volatile 
fatty acids. The efficiency of ME utilisation is less, however, than for synthetic mix- 
tures of these acids, since with whole foods heat losses are increased by heat of fer- 
mentation and by the energy used for work of digestion. In spite of this, the ME in 
these foods was used with quite high efficiency. 


Utilisation of metabolisable energy for productive purposes 


Although energy may be stored by animals in a wide variety of products — in body 
fat, muscle, milk, eggs and wool - the energy of these products is contained mainly in 
fat and protein (only in milk is much energy stored as carbohydrate). The efficiency 
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with which ME is used for productive purposes therefore depends largely on the en- 
ergetic efficiency of the metabolic pathways involved in the synthesis of fat and pro- 
tein from absorbed nutrients. These pathways have been outlined in Chapter 9. In 
general, the synthesis of either fat or protein is a more complicated process than its 
catabolism, in the same way that the construction of a building is more difficult than 
its demolition. Not only must the building materials be present in the right propor- 
tions, but also they must arrive on the scene at the right time, and the absence of a 
particular material may prevent or seriously impair the whole process. Thus, it was 
shown in Chapter 9 that fatty acid synthesis is dependent on a supply of reduced 
NADP". Because of the greater complexity of synthetic processes, it is more difficult 
to estimate their theoretical efficiency. 


Utilisation of metabolisable energy for growth 


In Chapter 9, the synthesis of a triacylglycerol from acetate and glucose was shown 
to have a theoretical efficiency of 0.83. A higher value would be expected for fat 
synthesis from long-chain fatty acids of dietary origin, but a lower value would be 
expected for the formation of fat from protein, as energy would be needed to syn- 
thesise the urea by which amino acid nitrogen would be excreted. In protein synthe- 
sis, the energy cost of linking amino acids together is relatively small, and if these are 
present in the right proportions the theoretical efficiency of protein synthesis is 
about 0.85 (see Chapter 9). However, if some amino acids have to be synthesised 
while others undergo deamination, the efficiency will be considerably less; as dis- 
cussed later, the observed efficiency of protein synthesis is generally much lower 
than the observed efficiency of fat synthesis. The synthesis of lactose from glucose 
can be achieved with an efficiency of 0.96 (see Chapter 9), but in the dairy cow the 
glucose so utilised is largely derived from propionic acid (or possibly amino acids) by 
gluconeogenesis, and the efficiency of lactose synthesis will be lower. 

The figures given above are all calculated from the appropriate metabolic path- 
ways, and in relating them to the efficiency of ME utilisation it is important to re- 
member that they will be reduced by those energy losses mentioned earlier (see 
p. 261) that are directly related to the consumption, digestion and absorption of food. 
Measuring in an animal the energetic efficiency with which a single body substance 
such as protein is synthesised is complicated by the fact mentioned previously that 
animals seldom store energy as single substances or even as single products. How- 
ever, when growing animals are storing energy as protein and fat, it is possible to cal- 
culate, by the mathematical procedure known as regression analysis, the energy used 
for each of these processes. Analyses of this kind have been made for many calori- 
metric experiments carried out with pigs, and the results are shown in Table 11.6. 
The actual values are always lower than the theoretical, the discrepancies being 
relatively small for fat deposition but much larger for protein deposition. Thus, for 
protein, the value of about 0.5 estimated by calorimetry is much less than the 
theoretical value, given earlier, of 0.85. The main reason for this large discrepancy is 
believed to be that protein deposition is not only a matter of protein synthesis but is 
the consequence of two processes, synthesis and breakdown. Proteins in most body 
tissues are continuously being broken down and resynthesised, by reactions that 
generate heat. This turnover of protein reduces the calorimetric efficiency of protein 
deposition. One would expect that proteins in tissues with a high rate of turnover 
(such as those in the alimentary tract) would be deposited with particularly low 
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Table 11.6 Typical values for the efficiency of metabolisable energy utilisation for 
growth in pigs 


Form of energy stored Origin of value Substrate or diet Efficiency 
Fat (kp) Theoretical Acetate + glucose 0.81 
Dietary fat 0.99 
Dietary protein 0.69 
Actual (calorimetric) Normal diets 0.74 
Dietary fat 0.86 
Dietary carbohydrate 0.76 
Dietary protein 0.66 
Volatile fatty acids 0.65-0.71 
Protein (k,) Theoretical Amino acids 0.88 
Actual (calorimetric) Amino acids 0.45-0.55 
Protein and fat (kg) Actual Many diets (mean) 0.71 
Barley 0.60 
Maize 0.62 
Soya bean meal 0.48 


calorimetric efficiency, whereas those with little or no turnover would be deposited 
more efficiently. Thus, milk proteins, which leave the animal before they can be bro- 
ken down, should be synthesised with high calorimetric efficiency. For pigs (and 
other non-ruminants) on normal diets, one would expect the efficiency of ME utili- 
sation for growth as a whole to be intermediate between the efficiency values found 
for fat and protein deposition. In pigs, protein deposition commonly accounts for 
20 per cent of total energy retention and the expected efficiency of ME utilsation for 
growth (k,) would therefore be 0.7. This value has been confirmed by many calori- 
metric experiments made with pigs. 

In poultry, values for the efficiency of ME utilisation for growth are similar to 
those found in pigs. They lie in the range 0.60-0.80 but for balanced diets are close 
to 0.70. 

For ruminants, the efficiency of utilisation of ME for growth is generally lower 
than that for pigs, and it is also more variable, as shown in Table 11.7. When cattle 
and sheep are fed on diets similar to those commonly given to pigs (i.e. based largely 
on cereal-containing concentrates), the efficiency factor k, rarely exceeds 0.62 and is 
therefore about 10 per cent lower than the mean value for pigs suggested above 
(0.7). However, kg values for ruminants are much lower and more variable when 
they are fed on forages. The best forages, such as dried immature ryegrass, give k, 
values over 0.5, whereas poor-quality forages, such as wheat straw, give values as low 
as 0.2. We shall see later (in Chapter 12) that the k, values of forages for ruminants 
are related to their metabolisable energy concentrations. These k, values are clearly 
far below both the theoretical and calorimetric values shown in Table 11.6, and we 
now need to consider how they can be explained. 

Heat of fermentation, as explained earlier (see p. 261), accounts for part of the 
lower calorimetric efficiency of growth in ruminants; thus, it would explain much of 
the 10 per cent difference in k; between pigs and ruminants fed on similar, mainly 
concentrate-based diets. However, for a fuller explanation we need to consider the end 
products of digestion in ruminants. We have already seen in Chapter 8 that much of 
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Table 11.7 Efficiency of utilisation of metabolisable energy from various nutrients 
and foods for growth and fattening in ruminants 


Food constituent Fermentation product 
Glucose 0.54 (0.72)? Acetic acid 0.33-0.60 
Sucrose 0.58 Propionic acid 0.56 
Starch 0.64 Butyric acid 0.62 
Cellulose 0.61 Mixture A> 0.58 
Groundnut oil 0.58 Mixture B° 0.32 
Mixed proteins 0.51 Lactic acid 0.75 
Casein 0.50 (0.65)? Ethanol 0.72 
Concentrates Forages 
Barley 0.60 Dried ryegrass (young) 0.52 
Oats 0.61 Dried ryegrass (mature) 0.34 
Maize 0.62 Meadow hay 0.30 
Groundnut meal 0.54 Lucerne hay 0.52 
Soya bean meal 0.48 Grass silages 0.21-0.60 
Wheat straw 0.24 
Dried grass (chopped) 0.31 
Dried grass (pelleted) 0.46 


aValues in parentheses are for administration via the duodenum. 
bMixture A: acetic acid 0.25, propionic acid 0.45, butyric acid 0.30. 
Mixture B: acetic acid 0.75, propionic acid 0.15, butyric acid 0.10. 


the energy of the end products of digestion in ruminants is in the form of volatile 
fatty acids, with relatively small amounts of energy in the form of lipids, amino acids 
(from microbial and food protein) and carbohydrates that have escaped rumen fer- 
mentation. Furthermore, the composition of the volatile fatty acid mixture varies ac- 
cording to the diet fed, with a higher proportion of acetic acid being produced from 
forage diets and a higher proportion of propionic acid being produced from concen- 
trate diets. At an early stage in the study of energy metabolism of ruminants, it was 
recognised that ME derived from poorly digested forages, such as straws and low- 
quality hays, was utilised for growth with low efficiency (0.2-0.4; see Table 11.7). At 
first, this low efficiency was attributed to the ‘work of digestion’, the energy required 
for mastication of fibrous foods and the propulsion of their undigested residues 
through the gut. Later, it seemed likely that the high proportion of acetic acid asso- 
ciated with fibrous foods was responsible for their low k, values. When different mix- 
tures of volatile fatty acids were infused into the rumen of fattening sheep, large 
differences in kg was observed (see Table 11.7). However, subsequent experiments in 
which less extreme mixtures of volatile fatty acids were used, in which the acid mix- 
tures were better balanced with other nutrients (e.g. protein) and in which younger 
(growing rather than fattening) animals were used, showed much smaller effects of 
volatile fatty acid proportions on kg. The current view is that acetic acid derived from 
a well-balanced diet is used no less efficiently than propionic or butyric acid. Atten- 
tion has therefore been directed again at the work of digestion as the cause of low ef- 
ficiency of ME utilisation from low-quality forages. As explained earlier (see p. 262), 
the gut and associated tissues that are served by the portal blood system (the portal- 
drained viscera) are very metabolically active and have been shown to account for 
as much as 50 per cent of the heat increment of feeding in ruminants. As yet, a 
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relationship between the fibrousness of a diet and the heat increment of feeding has 
not been established, but the processing of forages by grinding and pelleting has 
been shown to improve the efficiency of ME utilisation (see Table 11.7). 

Whatever the explanation for the poor efficiency of ME utilisation for growth by 
ruminants given low-quality forages, the practical problem remains. Ruminant pro- 
duction systems based on such feeds, as is the case in most of the tropical develop- 
ing countries, are characterised by poor efficiency. Nevertheless, it is now recognised 
that the efficiency can be improved by ensuring that the volatile fatty acids arising 
from digestion of poor-quality forages are balanced by supplements of other nutri- 
ents, especially protein and a-linked polysaccharides, which can escape fermentation 
in the rumen. 


Utilisation of metabolisable energy for milk and egg production 


The production of milk and eggs rarely occurs alone and is usually accompanied by 
either gains or losses of fat or protein from the body of the lactating mammal or lay- 
ing bird. This means that estimates of the partial efficiency of ME utilisation for milk 
or egg synthesis are usually made by mathematical partition of the ME utilised. As 
the synthesis of milk or eggs requires more complex diets, it is not possible to pro- 
vide efficiency coefficients for single nutrients as was done for maintenance and 
growth in Tables 11.5-11.7. 

Over the past 40 years, many energy balance trials have been conducted with lac- 
tating cows, principally in the USA and in the Netherlands; similar trials have also 
been conducted using sheep and goats. Analysis of the results of these experiments 
has shown that the efficiency of ME utilisation for milk synthesis (kj) varies relatively 
little over a wide range of diets, 0.56-0.66 for diets in the range 7.0-13.0 MJ/kg 
DM, respectively. Given the type of diet normally given to lactating ruminants, a 
constant value of 0.60-0.62 is often adopted. From the same analysis, it has also 
been calculated that when lactating animals are gaining energy (mainly as fat), the 
efficiency of ME utilisation for gain (k,) is only slightly less that that for milk synthe- 
sis (0.60). Thus, k, for lactating ruminants is at the top end of the range of efficiency 
factors for non-lactating ruminants (see Table 11.7). Lactating animals can also mo- 
bilise the energy in body reserves to support milk synthesis with an efficiency of 
about 0.84 (ki). This means that a cow that builds up her energy reserves towards the 
end of the first lactation, and then mobilises them for milk synthesis at the start of 
the next lactation, has an overall efficiency of 0.60 x 0.84 = 0.50. 

Over the past 10 years a substantial number of calorimetric measurements have 
been conducted using dairy cows in the UK, and a new rationing system for dairy 
cows (Feed into Milk 2004) has adopted a slightly different approach to the calcula- 
tion of ME requirements based on modelling the relationship between milk energy 
output and ME intake (see Chapter 12). These data indicate a curvilinear relation- 
ship between ME intake and milk energy output, as suggested for growing animals 
(see p. 272), and a variable value for (kj). The mathematically derived values for kg 
and k; from these studies are 0.65 and 0.78, respectively. 

The higher efficiency of ME utilisation by lactating animals compared with grow- 
ing animals is probably the result of simpler forms of energy being stored in milk, 
namely lactose and both long - and short-chain fatty acids. Milk protein may also be 
synthesised efficiently because it is rapidly removed from the body and not subject 
to the same turnover of amino acids experienced by other body proteins. In lactating 
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sows the efficiency of ME utilisation for milk synthesis is about the same as k, in 
growing pigs (0.65-0.70). 

The efficiency of ME utilisation for egg synthesis in laying hens has been esti- 
mated to be in the range 0.60-0.80, with a mean value of 0.69. For egg protein syn- 
thesis the efficiency is estimated to be 0.45-0.50, and for egg lipids 0.75-0.80. The 
synthesis of body tissue in laying hens is also highly efficient (0.75-0.80). 


Other factors affecting the utilisation of metabolisable energy 


Associative effects 


In Chapter 10 it was explained that the digestibility of a food is influenced not only 
by its own composition but also by the composition of other foods consumed with it. 
Associative effects of this kind have also been observed in relation to the efficiency 
of ME utilisation. In one experiment, ME derived from maize meal was used for gain 
with an apparent efficiency varying between 0.58 and 0.74, depending on the nature 
of the basal diet to which it was added. In ruminants, such differences are likely to 
arise through variations in the way in which the whole diet is digested, and hence in 
the form in which energy substrates are absorbed. The implications are that values 
for the efficiency of ME utilisation for individual foods are of limited significance. 


Balance of nutrients 


The effects of the relative proportions of nutrients in a diet have been partly covered 
above. However, a fattening animal will tend to use metabolisable energy more effi- 
ciently if it is provided as carbohydrate rather than protein. Similarly, if a growing 
animal is provided with insufficient protein, or with insufficient amounts of a partic- 
ular amino acid, then protein synthesis will be reduced and it will tend to store en- 
ergy as fat rather than protein. In this situation, the efficiency of ME utilisation will 
probably be altered. 

Mineral and vitamin deficiencies can also interfere with the efficiency of ME 
utilisation. A deficiency of phosphorus has been shown to reduce the efficiency of 
ME utilisation in cattle by about 10 per cent. This effect is hardly surprising given the 
vital role of phosphorus in the energy-yielding reactions associated with intermedi- 
ary metabolism. 


SUMMARY 


1. 


2. 
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The gross energy (GE) content of foods is meas- 
ured as the heat of combustion in a bomb 
calorimeter. Typical values are 17.5 MJ/kg, 

23.6 MJ/kg and 39.3 MJ/kg DM for carbohy- 
drates, proteins and fats, respectively, with com- 
mon feeds being approximately 18.4 MJ/kg DM. 


The digestible energy (DE) of a food is its GE 
minus the energy excreted in the faeces (both 
expressed as MJ/kg DM of food consumed). 


3. The metabolisable energy (ME) of a food is its 


GE minus the energy excreted in faeces, urine 
and methane (all expressed as MJ/kg DM food 
consumed). 


4. Methane production by ruminants is usually 


measured using a respiration chamber. How- 
ever, indirect methods such as the sulphur 
hexafluoride (SFs) technique may also be 
used. 


. Poultry excrete faeces and urine together (but 
negligible methane). Apparent ME measure- 
ments (AME) can be corrected for endogenous 
losses (measured in fasted birds) to provide 
estimates of true metabolisable energy (TME). 


. In ruminants, losses of energy in urine and 
methane are relatively constant (amounting 
to about 19 per cent of DE) but may be af- 
fected by diet (e.g. high protein intake will 


10. 


Questions 


Energy retention may be estimated indirectly 
as ME intake minus heat production, or di- 
rectly from the animal's carbon and nitrogen 
retention in a respiration chamber. It may 
also be measured using the comparative 
slaughter technique, where a known amount 
of ME is given and body composition is 
measured at the beginning and end of the 
experiment. 


increase urine energy loss). 11. The two most important measurements when 
a : : evaluating food for energy are the ME value 
. In addition to their energy losses in faeces, vena gi y š ee an oe 
; i and the efficiency of ME utilisation (k). The 
urine and methane, animals also lose energy ; 
À ` latter is calculated as NE output/ME intake 
as heat. Part of their heat loss arises from the : š: ; s 
: A Ë and varies depending on the species of ani- 
work done by the animal in digesting and : š . 
a 4 mal, the process for which ME is being used 
metabolising food (heat increment of feed- Qhera S ENE o] 
ing). The remainder, called the basal or fast- Pp y. 
ing metabolism, arises from the work done 12. Foods with high ME values tend to have 
by the animal associated with essential body higher k values because they are digested 
processes (i.e. maintenance). and metabolised with less energy expendi- 
F ture. Ruminants have lo k values than d 
. The net energy (NE) value of a food is calcu- Ny Pa : Ç pan ena S 
° : non-ruminants, mainly because of the heat 
lated by subtracting the heat increment from fee 3 : p 
: À Ë arising from microbial metabolism (heat of 
its ME value. Net energy is used by the animal ° 
3 š : fermentation). 
to meet its maintenance requirements and to 
form new body tissues (growth) or products 13. The efficiency of ME utilisation for mainte- 


(milk or eggs). The energy of these tissues 
and products is known as energy retention. 


. The heat lost by animals may be measured di- 
rectly in an enclosed chamber called an ani- 
mal calorimeter. Alternatively, it may be 
estimated from the animal's respiratory ex- 
change (oxygen consumption and carbon 
dioxide production) in a respiration chamber. 


QUESTIONS 


nance (km) is 0.7-0.8, and for tissue growth 
(kg) is 0.4-0.6, depending on the relative 
proportion of protein and fat retained. The 
efficiency of protein retention (kp) is lower 
(0.45-0.55) than that of fat retention (kg, 
0.65-0.85). For milk synthesis the efficiency 
(kı) is about 0.62 and for egg production 
0.70. 


11.1 A sheep consuming 1.2 kg/day silage DM containing 19.0 MJ GE/kg excreted 
6.0 MJ GE/day in the faeces, 1.56 MJ GE/day in urine and 1.80 MJ GE/day as 
methane. Calculate the DE and ME content of the silage. 


11.2 The energy retention of the sheep used in Question 1 was measured by placing 
it in a respiration chamber. Whilst in the chamber, the sheep consumed 536 1 
oxygen and excreted 429 | of carbon dioxide, 45.8 | of methane and 19.0 g of 
urinary nitrogen. Using the Brouwer equation, calculate its heat production 


and energy retention. 
11.3 A pig in a respiration chamber stored 182.5 g carbon and 10.4 g nitrogen each 


day. Calculate its protein and fat deposition and the energy content of tissue gain. 
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11.4 A growing steer was offered 8.0 kg DM maize silage (ME: 11.0 MJ/kg DM) and 
retained 12.0 MJ/day in its tissues. Its fasting metabolism (FM) was 42.0 
MJ/day and the efficiency of ME utilisation for maintenance (km) was 0.7. Cal- 
culate the efficiency of ME utilisation for gain (kg). 
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Evaluation of foods: systems 
for expressing the energy 
value of foods 


12.1 Energy systems and energy models 
12.2 Energy systems for ruminants 

12.3 Energy systems for pigs and poultry 
12.4 Energy systems for horses 

12.5 Predicting the energy value of foods 


For the farmer or nutritional advisor there are two essential steps in the scientific rationing 
of animals. First, the nutrient requirements of the animal must be assessed; second, 
foods must be selected to satisfy these requirements. This balance between supply and 
demand is made separately for each nutrient. However, in most cases the nutrient given 
top priority is energy. There are good reasons for this. In the first place energy-yielding 
constituents of foods such as carbohydrates are those present in the food in the great- 
est quantity. Consequently, if a diet is formulated to meet the requirement for other nu- 
trients first, but is then found to be deficient in energy, major changes to the foodstuffs 
used will probably be required. In contrast, a mineral or vitamin deficiency can often be 
rectified very easily by the provision of a concentrated supplement. 

A further feature of energy-yielding constituents that distinguishes them from others 
is the manner in which animals respond to changes in energy supply. For example, 
whereas the performance of a steer gaining at 1.0 kg/day may eventually be reduced if 
it is given a diet that is deficient in a particular nutrient, increases in the supply of a sin- 
gle nutrient above the requirement generally have little effect. Increasing the level of 
vitamin A supplied to twice the requirement is unlikely to affect its liveweight gain 
(although it might increase its vitamin A reserves). However, if the supply of energy is 
increased, the animal will attempt to retain more energy either in the form of protein 
(if nitrogen intake is adequate) or in the form of fat and its liveweight gain will in- 
crease. Energy is the main nutrient limiting animal production, and animals tend to 
show a continuous response to changes in energy supply. If other nutrients are present 
in quantities that are only just sufficient to meet requirements, then the response to an 
increase in energy supply is likely to be an undesirable one. Increasing the storage of 
body fat, for example, is likely to increase the requirement for the minerals and vita- 
mins associated with body fat synthesis and therefore precipitate a deficiency of these 
nutrients. When formulating diets, it is essential to ensure that the animal’s energy re- 
quirement is satisfied and that the correct balance between energy and other nutrients 
is maintained. 
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12.1 


ENERGY SYSTEMS AND ENERGY MODELS 


An energy system is essentially a set of rules relating energy supply to energy require- 
ments. The system can be used either to predict animal performance from a given 
level of energy supply or to calculate the energy supply required to promote a par- 
ticular level of performance. The simplest energy systems consist of two sets of fig- 
ures, one set reflecting the animal’s energy requirements, and the other set the energy 
values of foods. Ideally both sets of figures should be expressed in similar units. For 
example, if an animal growing at a rate of 1.0 kg per day stores 15.0 MJ of energy, 
then its net energy requirement for growth would be 15.0 MJ/kg gain. If the food to 
be given contained 5.0 MJ of net energy per kilogram, then the quantity required can 
easily be calculated as 15/5 = 3 kg. In this example, both the animal’s requirement 
for energy and the energy value of its food are expressed in terms of net energy 
(NE), and the system used is described as a net energy system. We saw in the previ- 
ous chapter, however, that the NE content of a food is not a fixed value but varies 
depending on the species of animal, the productive process and the nature of energy 
supply. For example, metabolisable energy supplied by a food is used more efficiently 
for maintenance than for growth (or for milk or egg production). Consequently, a 
food will have at least two NE values. For this reason, it may be preferable to state the 
energy content of foods in units that are less variable, and in fact most energy systems 
are based on metabolisable energy (ME) as the measure of energy supply. However, 
when food energy supply is expressed as ME and animal energy requirements are 
expressed as NE, it is not possible to equate one with the other.To bring them together 
an additional factor is needed in the system, the efficiency of ME utilisation (k). 
Thus, in the example given above, if the energy content of the food was expressed 
as 10.0 MJ ME per kilogram and the efficiency of ME utilisation for growth (kg) 
was 0.5, the NE content of the food would be calculated as 10 x 0.5 = 5.0 MJ/kg 
as before. 

The use of efficiency factors allows energy systems to be more detailed and more 
complex than they would be if based solely on energy supply and requirements. 
Thus, it would be possible to subdivide food energy supply into that provided by 
protein, fat and carbohydrate (energy substrates). Similarly, an animal’s energy re- 
quirement could be subdivided into that required for deposition of protein and that 
required for the deposition of fat. Different efficiency constants could then be in- 
cluded to represent the biochemical pathways linking energy substrate supply to dif- 
ferent forms of energy retention. The system would then be what is commonly called 
a ‘model’, although there is no sharp distinction between energy systems and models 
(energy systems can be described as simple models). Energy models are often highly 
complex and are generally intended as scientific rather than practical tools. They are 
designed to incorporate all the relevant scientific information that is currently avail- 
able, and their operation is useful in identifying gaps in current knowledge. In grow- 
ing animals they can be used to predict not only energy retention and growth rate 
but also the way in which energy is partitioned between different tissues and organs 
within an animal’s body. In the case of lactating animals, they can be used to predict 
energy partition between different body tissues and milk constituents. 

Such complexity is not included in current energy systems. However, the increas- 
ing use of computers for ration formulation (even on farm) makes it easier for prac- 
tical systems to become more complex and detailed without becoming unworkable. 


12.2 


Energy systems for ruminants 


Nevertheless, in this chapter, the emphasis will be on practical energy systems rather 
than models. A book edited by M K Theodorou and J France (2000) (see Further 
reading) describes current developments in both systems and models. 

Before some actual energy systems are discussed, two further points must be made. 
First, as described in the previous chapter, the techniques used to assess the energy 
content of foods are often complicated, laborious and expensive. Consequently, they 
cannot be applied, for example, to samples of hay or silage supplied by a farmer to 
an advisory chemist. For this reason, an essential feature of most energy systems is a 
method for predicting the energy content of foods from characteristics than can be 
more easily determined in the laboratory. Second, it is important to realise that en- 
ergy systems for herbivores (ruminants and horses) are more complex than those 
used for pigs and poultry. The main reasons for this are the greater complexity of the 
digestive tract (see Chapter 8) and the greater variety of foods used. 


ENERGY SYSTEMS FOR RUMINANTS 


Early energy systems 


Energy systems have a history going back to the first half of the nineteenth century, 
but they did not provide an adequate description of energy utilisation until methods 
of animal calorimetry became available in the second half of that century. Around 
1900, H P Armsby at the University of Pennsylvania and O Kellner at the Méckern 
Experiment Station in Germany used the results of their calorimetric studies to 
devise energy systems based on the NE value of foods. These systems differed in 
some respects, most evidently in the units used. Armsby expressed NE values in 
terms of calories (the unit preceding joules), whereas Kellner, believing that farmers 
would have difficulty in understanding calories, expressed NE values of foods rela- 
tive to the NE value of the common food constituent starch. For example, if the NE 
value of barley was found to be 1.91 Mcal (megacalories) per kilogram, and that of 
starch 2.36 Mcal/kg, then 1 kg of barley was calculated to have a starch equivalent of 
1.91/2.36 = 0.81kg. Both Kellner’s and Armsby’s systems encountered difficulties 
because of differences in the NE values of foods for maintenance and growth, etc., 
and they used approximations to avoid these problems. Kellner’s starch equivalent 
system was used (mainly in Europe) as the basis of practical rationing systems until 
the 1970s. A full description of the starch equivalent system was included in the first 
two editions of this book (1966 and 1973). 

Armsby’s NE system was incorporated in what was at one time the standard ref- 
erence work on the feeding of livestock in the USA, F B Morrison’s Feeds and Feed- 
ing, but was not much used in practice. The preferred system in the Americas was for 
many years the total digestible nutrients (TDN) system. The total digestible nutrient 
content of a food was calculated as the combined weight in 100 kg of food of digestible 
crude protein and digestible carbohydrate (crude fibre plus nitrogen-free extractives), 
plus 2.25 times the weight of digestible ether extract. The ether extract is multiplied 
by 2.25 because the energy value of fat is approximately 2.25 times higher than that of 
carbohydrate. If the digestible crude protein plus carbohydrate of the hay in Box 10.1 
(see p. 239) is calculated as the digestible organic matter minus the digestible ether 
extract (i.e. 515 — 8 = 507), then the TDN content would be calculated as 507 + (8 x 
2.25) = 525 g/kg, or 52.5 kg/100kg. The TDN system, like Kellner’s starch equivalent 
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system, employed units that were not units of energy. However, TDN values can fairly 
easily be translated into ME values. Both systems are now virtually obsolete. 


The UK metabolisable energy system 


In the UK the energy system currently used for ruminants was first proposed by the 
Agricultural Research Council in 1965. The original system was then revised by the 
Council in 1980 and published as The Nutrient Requirements of Ruminant Live- 
stock (ARC 1980). In 1982, a working party consisting of research, advisory and 
commercial nutritionists was set up to consider and test the ARC 1980 system and 
their recommendations, published in 1990, were implemented in the UK by means 
of an advisory manual entitled Energy and Protein Requirements of Ruminants in 
1993. In 2004 an improved system, designed specifically for dairy cows, Feed into 
Milk, was introduced (see Further reading). The description of the system provided 
here is initially restricted to its essential features and its simplest forms of operation. 
The versions of the system that are used in practice include some modifications that 
will be discussed later. The system allows for the factorial calculation of the energy 
requirements of six classes of livestock (cattle and sheep that are growing, pregnant 
or lactating), but the examples given in this chapter will be restricted to growing and 
lactating cattle. The energy requirements of the other classes of ruminants are referred 
to in later chapters. 

In the UK metabolisable energy system, the energy values of foods are expressed in 
terms of ME, and the ME value of a diet is calculated by adding together the relative 
contributions from the foods making up that diet. The energy requirements of animals 
are expressed in absolute terms, as NE. The essential feature of the system, linking 
energy supply with requirements, is a series of equations to predict the efficiencies 
of ME utilisation (k) for maintenance, pregnancy, growth and lactation (Table 12.1). 
These predictions are based on the ME concentration of the diet (M/D), although this 
is expressed as the fraction ME/GE (sometimes called metabolisability), rather than 
MJ/kg DM. Metabolisability can be calculated by dividing the ME content of the diet 
by its GE content, making the assumption that the mean gross energy value of food is 
18.4 MJ/kg DM (although this factor is too high for foods with a high ash content and 
too low for those with a high protein or fat content). The efficiency values presented 
in Table 12.1 illustrate several points made earlier (in this chapter and in Chapter 11). 


Table 12.1 Efficiency of metabolisable energy utilisation by ruminants for 
maintenance, pregnancy, growth and lactation 


Dietary ME concentration (MJ/kg DM) 7.4 9.2 11.0 12.9 


Metabolisability (qm) 0.4 0.5 0.6 0.7 

Maintenance (km) 0.643 0.678 0.714 0.750 
Pregnancy (k,)* 0.133 0.133 0.133 0.133 
Growth (k,) 0.218 0.396 0.474 0.552 
Lactation (kj) 0.560 0.595 0.630 0.665 


Equations: km = 0.35qm + 0.503 
Kg = 0.784m + 0.006 
kı = 0.35qm + 0.420 


a Constant value with no influence of qm. 


Energy systems for ruminants 


Although km and ki vary with metabolisability (qm), they vary much less than k,. Put 
another way, ky for a low-quality food (qm = 0.4) is 50 per cent of km, whereas k, for 
a high-quality food (qm = 0.7) is 74 per cent of km. 

The system can be used in two ways, either to predict the performance of animals 
given a specific ration or to formulate a ration for a desired level of performance. 
Operation of the system is illustrated for beef cattle in Boxes 12.1 and 12.2 and an 
example of ration formulation for dairy cows is presented in Box 12.3. Ration for- 
mulation is often more difficult than prediction of performance because the ME con- 
centration of the ration cannot be calculated until the ration has been formulated. 
This means that for factors that are dependent on qm, provisional data must be used 
initially, and the calculations have to be repeated until the factors and diet match 
each other. The repetition of calculations (known as iteration) is easily carried out by 
a computer, but if a computer is not available the approximate method illustrated in 
Box 12.2 can be used. For convenience, the example in Box 12.2 starts at the end 
point of the example in Box 12.1. 

A new term required for Box 12.2 is kmp, the average efficiency with which ME is 
used for the combined functions of maintenance and production. This factor will be 
intermediate to km and k, and its value will vary depending on the production level 


BOX 12.1 Prediction of performance in growing cattle 


A 300 kg steer is offered a ration containing 4.5 kg hay (DM 890 g/kg; ME 8.0 MJ/kg DM) and 
2.2 kg of a cereal-based concentrate (DM 900 g/kg; ME 14.0 MJ/kg DM). 


Calculation of energy supply (MJ ME/day) 


Fresh intake (kg/day) Dry matter intake (kg/day) ME intake (MJ/day) 


Hay 4.5 4.0 32 
Concentrate 2.2 2.0 28 


Total 6.7 6.0 60 


ME concentration of the ration (MJ/kg DM) (60/6) 
Metabolisability (qm) (10.0/18.4) 


Calculation of energy requirements (MJ NE/day) 


Maintenance (MJ/day) 23.0 
Liveweight gain (MJ/kg gain) 15.0 
km (from Table 12.1) 0.692 
k, (from Table 12.1) 0.427 


Prediction of performance 


ME requirement for maintenance (MJ/day) (23/0.692) 
ME available for gain (MJ/day) (60 — 33) 
NE gained (MJ/day) (27 X 0.427) 
Liveweight gain (kg/day) (11.5/15.0) 
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BOX 12.2 Ration formulation for growing cattle 


A 300 kg steer is required to grow at a rate of 0.77 kg/day on a diet consisting of 3.0 kg hay (DM 
890 g/kg; ME 8.0 MJ/kg DM) and an unknown quantity of concentrate (DM 900 g/kg; 
ME 14.0 MJ/kg DM). 


Calculation of energy requirement (MJ NE/day) 


Maintenance 23.0 
Liveweight gain (0.77 kg/day) 11.5 


Total 34.5 


Food and efficiency data 


Concentrate 


Metabolisability (qm) 0.760 

0.769 

0.599 

5 0.703 
Net energy (MJ/kg DM) 9.84 


Ration formulation 


NE supplied from hay (MJ/day) (3 x 0.89 x 4.03) 10.8 
NE required from concentrate (MJ/day) 34.5 — 10.80 23.7 
Concentrate DM required (kg/day) 23.7/9.84 2.4 
Fresh concentrate required (kg/day) 2.4/0.9 2.7 


Therefore, the ration required should consist of 3.0 kg hay and 2.7 kg concentrate per day. 


of the animal. It is calculated from the relative requirements of NE for maintenance 
and production by the following formula: 


kmp = (NEm + NE,)/(NEm/km + NE,/k,) 


The relative proportions of NE required for maintenance and production, calculated 
as (NEm + NE,)/NEm, is sometimes referred to as animal production level (APL). In 
this example, the APL would be calculated as: (23 + 11.5)/23 = 1.5. 

Prediction of performance in dairy cows is more difficult than in growing cattle 
and is complicated by the fact that cows are often gaining or losing weight at the 
same time as producing milk. In order to predict milk production, estimates of both 
milk composition and liveweight change, are required. Similarly, in order to predict 
liveweight change, an estimate of milk production would be required. In reality, cows 
are likely to partition energy supply between different body tissues and milk con- 
stituents, and predicting how they will respond to changes in energy supply presents 
an ongoing challenge to nutritional research. 

Ration formulation for dairy cows can be as complicated as it is for beef cattle be- 
cause the efficiency of ME utilisation for lactation varies with diet M/D and qm (see 
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Table 12.1). However, in practice, some simplification is possible because the energy 
concentration of dairy cow diets does not vary over such a wide range as that of 
growing cattle, and it is reasonable to assume constant values. If k,, is assumed to be 
0.72 and ki is assumed to be 0.62, then ration formulation becomes relatively easy 
(see Box 12.3). The gross energy content of milk, and therefore the NE required for 
milk production, varies depending on its fat and protein content. In Box 12.3 the fat 
and protein content of the milk are assumed to be 40 g/kg and 32 g/kg, respectively, 
and the corresponding NE requirement for milk production is 3.12 MJ/kg. In prac- 
tice, it is also important to formulate diets that meet the animal’s energy require- 
ments at the lowest cost, within the constraint of dry matter intake (DMI). This can 
be done by computer using a mathematical technique known as linear programming. 
However, a simple method of doing this, assuming that silage is the cheapest ration 
component, is illustrated in Box 12.3. Ration formulation for dairy cows is often 


BOX 12.3 Ration formulation for dairy cows 


A 600 kg cow is required to produce 30 1 of milk per day (40 g/kg fat and 32 g/kg protein) on a ration 
consisting of grass silage (DM 250 g/kg; ME 10.5 MJ/kg DM) and dairy concentrate (DM 860 g/kg; 
ME 13.0 MJ/kg DM). It is anticipated that the cow will consume 18.0 kg DM/day. 


Calculation of energy requirements (MJ/day) 


NE 


Maintenance 
Milk production 30 x 3.12 


Total 


ME concentration of the ration (MJ/kg DM) 209.0/18.0 
Metabolisability (qm) 11.6/18.4 


Ration formulation 


The relative proportions of silage and dairy concentrate required to satisfy the energy requirements 
within the constraint of dry matter intake can be calculated using the following equation: 


Forage DM = (DMI x (MC — M/D))/(MC — ME) 


where DMI = dry matter intake (kg), MC = ME content of the concentrate (MJ/kg DM), MF = ME 
content of the forage (MJ/kg DM) and M/D = energy concentration in ration required (MJ/kg DM). 


Silage DM (kg/day) (18.0 x (13.0 — 11.6))/(13.0 — 10.5) 10.1 
Concentrate DM (kg/day) (18.0 — 10.1) 

Fresh silage (kg/day) (10.1/0.25) 

Fresh concentrate (kg/day) (7.9/0.86) 


Therefore, the ration required should consist of 40.4 kg silage and 9.2 kg dairy concentrate per day. 
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complicated by changes in body energy reserves. If cows are gaining weight and stor- 
ing body energy as fat, then their requirements need to be considered in term of 
three components: maintenance, milk production and tissue gain. Alternatively, if cows 
are losing weight, then allowance must be made for the energy contributed from 
mobilisation of body fat reserves towards milk production. 


Refinements of the UK metabolisable energy system 


As the food intake of an animal increases, the metabolisability of the food declines 
owing to an increase in rate of passage and a reduction in rumen retention time (see 
p. 260). Food intake can be defined as level of feeding, which is the ME intake rela- 
tive to that required for maintenance. Thus, in Box 12.1 the level of feeding would be 
calculated as 60/33 = 1.82. It must be noted, however, that this is not exactly the 
same as the animal production level (APL), as the former is calculated in ME and the 
latter in NE. For growing cattle the level of feeding is commonly 2-2.5, but for lactating 
dairy cows and ewes it rises to 3-5. In the current version of the ME system, the ME 
requirement of lactating ewes (and until recently cows) is increased by 1.8 per cent 
for each unit increase in level of feeding above 1. Thus, for ewes with a level of feed- 
ing of 3, the calculated ME requirement would be increased by 2 X 1.8 = 3.6 per cent 
to account for the effects of increasing food intake on the ME content of the ration (al- 
though it would be more logical to apply this correction for feeding level to the sup- 
ply side of the system).The effect of animal species (sheep v. cattle) and feeding level 
on the ME concentration of foods has recently been re-evaluated. As a result, in the 
Feed into Milk system (FiM) (see Thomas 2004), it is recommended that the ME con- 
centration of foods fed at high production levels to dairy cows should only be re- 
duced by 2 per cent compared with values determined at maintenance with sheep. 

As suggested in Chapter 11, increasing the energy intake of growing animals has 
been shown to result in a progressive reduction in energy retention. This curvilinear- 
ity indicates an effect of level of feeding on the efficiency of ME utilisation. For 
growing cattle k, is assumed to have its normal predicted level when the level of 
feeding is twice maintenance. However, if the level of feeding is greater than this k, 
is reduced, and if the level of feeding is less than this k, is increased. For example, if 
cattle on a diet containing 10 MJ/kg DM are fed at 2.5 times maintenance, k, would 
be reduced from 0.43 to 0.39. The same correction applies to growing lambs. In the 
current version of the ME system the curvilinear relationship between net energy re- 
tention (R) and ME intake (I) in growing animals, both scaled by fasting metabolism, 
is described as follows: 


R=Ba-e*)-I 


where B = km/(km — kg) and k = ky X In(Ky)/Kg). 

Another refinement to the ME system that has been advocated but not generally 
adopted is to modify k, depending on the nature of the diet. Evidence suggests that 
in addition to varying with diet metabolisability and productive process, k, also varies 
with the nature of the diet. For example, when diets containing 11 MJ/kg DM are for- 
mulated from high-quality forage, or poorer-quality forage plus concentrates, the 
concentrate-based diet will have a k, value that is about 5 per cent higher than that 
of the forage-based diet. Within forages, there is evidence that k, values are greater 
for temperate first-growth (spring) material than later growths with the same ME 
concentration, and are higher for temperate than for tropical forages. However, it is 
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difficult to classify diets into different categories, and consequently the single equa- 
tion presented in Table 12.1 is used in the current version of the ME system. 

The ME system as presented provides a sound basis for the scientific rationing of 
ruminant animals. However, evidence suggests that it does not adequately describe 
the energy requirements of modern high genetic merit dairy cows. Consequently, FiM 
2004 using a database of calorimetric measurements from high genetic merit cows 
given diets representative of UK feeding practices, adopted a different approach to 
the calculation of ME requirements based on modelling the relationship between 
milk energy output (E) and ME intake. Using this approach, the efficiency of ME 
utilisation for lactation (kj) is defined as follows: 


milk energy derived from dietary ME 


a dietary ME available for milk production 


For example, if a group of dairy cows were producing 35 I/day of milk containing 
3.2 MJ/l, then milk energy output would be 109 MJ/day. If these same cows had a 
dietary ME intake available for milk production of 175 MJ/day, then kı would be 
calculated as 109/175 = 0.622. For cows that are gaining weight (positive energy bal- 
ance), dietary ME available for milk production is calculated by subtracting the ME 
used for weight gain. Similarly, for cows that are losing weight (negative energy bal- 
ance), milk energy output is reduced by subtracting the net energy derived from 
weight loss. In order to make these adjustments, an iterative statistical approach was 
used to determine the efficiency of body energy utilisation for lactation (k and the 
efficiency of ME utilisation for gain (k,) to be 0.78 and 0.65, respectively. Once these 
values had been obtained and ME intake and milk energy output adjusted accord- 
ingly, a curvilinear relationship between dietary ME intake available for milk produc- 
tion and milk energy output derived from dietary ME was obtained (Fig. 12.1). 

The approach adopted by FiM 2004 for calculating the ME requirement of dairy cows 
involves first calculating the ME requirement for weight gain, or the net energy avail- 
able for milk production from weight loss, and then calculating the ME requirement 


0.6 1.0 1.4 1.8 2.2 
-0.2 MEI directed towards milk production 


Milk energy derived from ME 


Fig. 12.1 Relationship between milk energy derived from metabolisable energy 
intake (MJ/kg W°7°) and metabolisable energy directed towards milk production 
(MJ/kg W°-7°). 


From Thomas C 2004 Feed into Milk: A New Applied Feeding System for Dairy Cows, Nottingham, 
Nottingham University Press. 
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for maintenance and milk production from milk energy output corrected for weight 
loss (Eicorr). The ME required for weight gain (M; ™) is calculated from the NE 
requirement for gain (EV,) as follows: 


M,'™ = (EV, X weight gain)/k, 


Similarly, the NE for milk production derived from weight loss (Ejwc) is calcu- 
lated as follows: 


Eiwc = EV, X weightloss X k, 


The ME required for maintenance and production (Min, (MJ/kg W9:?9)) is calcu- 
lated as follows: 


Mm = (log.((5.06 — Etcon)/(5.06 + 0.453)))/ — 0.1326 


where E,corr = (E) + Ewc)/ W27. 

Although the approach adopted by FiM 2004 is fundamentally different from the 
factorial approach adopted by the ME system, it utilises existing information and 
provides a sound biological framework for the incorporation of new developments. 

In its review of the ME system in 1990, the working party referred to earlier con- 
cluded that the system generally underestimated the ME requirements of growing 
cattle (but not other classes of ruminants) and recommended that the energy re- 
quirement for growth (but not maintenance) should be increased by 10-15 per cent. 
In contrast, initial validation of FiM 2004 suggests that it slightly overpredicts ME 
requirements. Consequently, it is recommended that 10 MJ per day is subtracted 
from the calculated ME requirement of dairy cows. In both cases, the source of error 
is unknown, but although it seems undesirable to introduce arbitrary correction fac- 
tors into otherwise logical systems, it is important that both systems accurately 
reflect levels of performance achieved in practice. 


Alternative energy systems for ruminants 


The Australian Standing Committee on Agriculture’s feeding standards for ruminants 
(CSIRO 1990), based on the ARC 1980 system, have been revised and updated (CSIRO 
2007).The differences between the Australian and ARC systems mainly reflect differ- 
ences in animal production systems between the two countries, the Australian system 
being intended mainly for use with grazing animals. To this effect, the Australian sys- 
tem incorporates refined estimates of maintenance requirements that include the 
energy costs of grazing and employs refined estimates of k, for forage diets, which 
take into account the poorer efficiency of ME utilisation from tropical and later- 
growth temperate forages. The system also includes an estimate of the efficiency of 
ME utilisation for wool growth (kyo), 0.18). Finally, the Australian system makes no 
corrections to k, for level of feeding, but for all classes of stock there is a positive 
correction to the maintenance requirement as total ME intake rises above the main- 
tenance level; this correction increases the maintenance requirement by 10 per cent 
at a feeding level of twice maintenance. 

In 1988 the European Association of Animal Production carried out a survey of 
the feeding systems in use in European countries. The report on energy systems for 
ruminants (see Van der Honing and Alderman in Further reading) demonstrated the 
wide variety of systems in use in Europe, and it is not possible to describe all of them 
here. The Netherlands, Belgium, France, Germany, Switzerland, Italy and Austria all 
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have systems with many features in common. However, the Dutch system will be de- 
scribed here as an example. The ME content of foods is calculated from digestible 
nutrients and is then converted to a NE value. For growing animals, the basis for this 
conversion is that the animal production level (see p. 286) is assumed to be constant 
at 1.5, and hence that kmp, as explained earlier in this chapter, has a unique value for 
a food of known ME concentration. Each food can therefore be given a single NE 
value for maintenance and production (NEpp), but this is converted to a unit value 
by dividing it by the presumed NE, of barley (6.9 MJ/kg, or about 8 MJ/kg DM). For 
lactating cows a corresponding NE value for maintenance and lactation is calculated 
by assuming that ki is 0.60 when diet qm = 0.57 (i.e. when M/D = 10.5 MJ/kg DM) 
and varies by 0.4 per cent with every unit change in diet qm. For example, if diet 
M/D = 11.5 and qm = 0.62, kı = 0.60 + (0.4 x (0.62 — 0.57)) = 0.62 and the NE value 
of the food for lactation (NE;) = 11.5 x 0.62 = 7.1 MJ/kg DM. The calculation is fur- 
ther complicated by reducing the predicted value of NE; by 2.5 per cent to allow for 
the normally high feeding level of dairy cows, and by converting NE; to a unit value 
(barley again being assuming to contain 6.9 MJ NE/kg). In addition to being used for 
cows, NE; values are used in the rationing of younger dairy animals (i.e. heifers being 
used as dairy replacements). 

The simplifying assumptions made by the Dutch scheme to calculate the NE val- 
ues of foods are therefore that (1) for growing animals APL = 1.5 and (2) for growing 
heifers, Kmp = ki. A third assumption, which is not stated but is implicit in the system, 
is that k,, = ki. All three assumptions are liable to introduce inaccuracies that are al- 
lowed for by adjusting the NE requirements of animals. For example, with regard to 
assumption (2), it is recognised that in slowly growing heifers, where most of the en- 
ergy intake is used for maintenance, ki is an underestimate of kmp, whereas in rapidly 
growing heifers kj is an overestimate of kmp. The NE requirements of slow-growing 
heifers have therefore been reduced and those of fast-growing heifers increased to 
cancel out these biases in the estimation of the NE values of foods. 

The energy systems grouped with the Dutch system are similar to it in principle, 
but differ in detail. Thus, the ME values of foods may be calculated by different pro- 
cedures, with different corrections being applied to account for the effects of level of 
feeding. In addition, the units employed may be MJ of energy rather than unit val- 
ues. For example, in Switzerland, the units are MJ of NE. Several countries in 
Scandinavia have adopted NE systems that are based on Kellner’s starch equivalent 
system but now use Scandinavian feed units (Norway and Finland) or fattening feed 
units (Denmark), although Sweden uses a ME system. 

Having used a system based on total digestible nutrients (see p. 283) for many 
years, the USA has now changed to NE systems for beef and dairy cattle. These sys- 
tems are described in publications of the National Research Council (see Further 
reading). Metabolisable energy is calculated as 0.82 x DE and DE is calculated as 
4.409 Mcal (18.45 MJ) per kilogram of TDN. For beef cattle, foods are given NE val- 
ues for both maintenance (NEm) and gain (NE), calculated from the ME content 
(Mcal/kg DM) of the food using the following equations: 


NEn = (1.37 ME) — (0.138 ME?) + (0.0105 ME?) — 1.12 
NE, = (1.42 ME) — (0.174 ME?) + (0.0122 ME’) — 1.65 


These equations predict the NE,, and NE, values of a food containing 11.0 MJ ME/kg 
DM (2.63 Mcal) to be 7.2 and 4.6 MJ/kg DM, respectively, compared with values 
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calculated using the UK ME system (derived from Table 12.1) of 7.8 and 5.2 MJ/kg 
DM, respectively. For a poor-quality food containing 7.4 MJ ME/kg DM (1.77 Mcal), 
NE and NE, values calculated using the US system would be 3.9 and 1.6 MJ/kg DM, 
and corresponding values derived using the UK system would be 4.8 and 2.4 MJ/kg 
DM, respectively. Thus, values calculated using the US system are considerably lower 
than those derived using the UK system, particularly for poor-quality foods. 

In the US system, NE values for lactation (NE;) are calculated from TDN, DE or 
NE by an equation similar to that used in the Dutch system. For example, in the US 
system, foods containing 10 or 12 MJ ME/kg DM would be calculated to provide 6.0 
and 7.1 MJ NE;/kg DM, respectively, whereas in the Dutch system, they would be 
calculated to provide 5.8 and 7.2 MJ NE;/kg DM, respectively. Net energy require- 
ments for body maintenance and milk synthesis are expressed as NEj, as they are in 
the Dutch and related European systems. 

The US NE systems for both beef and dairy cattle are currently being modified 
to incorporate the Cornell net carbohydrate and protein system referred to in 
Chapter 1. This system includes calculations of both the energy and protein val- 
ues of feeds. The principle on which it operates is that if the quantity and charac- 
teristics (such as solubility) of each nutrient present in the food are known, then 
the rate at which it can be digested and the products of digestion that are ab- 
sorbed from the rumen and lower gut can be calculated. The energy and protein 
values of these products can then be summed to give an estimate of the values 
of the food as a whole. To be operated efficiently, the system requires unusually 
detailed analytical data for the foods being used (see Box 1.1 in Chapter 1). Thus, 
carbohydrates in foods are divided into two kinds of fibre (fermentable or not 
fermentable in the rumen) and two kinds of non-fibrous components (starch and 
sugars). Proteins are similarly divided into five fractions, which vary in the rates 
at which they are degraded in the rumen. In the latest versions of the US Na- 
tional Research Council publications referred to above, the procedures of the 
Cornell system are offered as an alternative to simpler methods of calculating NE 
values from ME values. The latest US system for dairy cows is mentioned in 
Chapter 16. 


Future energy systems for ruminants 


The first edition of this book was published in 1966 at a time when older energy 
systems such as Kellner’s starch equivalent system were being re-evaluated in light 
of newly acquired calorimetric data and new systems, such as the UK ME system, 
were being introduced. The hope at the time was that new information on energy 
metabolism would help to produce a more accurate system that might be less com- 
plicated and therefore more acceptable for international use. In the event, this hope 
has not been fully realised. Greater accuracy may perhaps have been achieved, but 
at the expense of greater complexity and an increase in the number of systems 
being used. 

The energy systems for ruminants that have been most improved are those relat- 
ing to the lactating dairy cow. As the reader will now appreciate, energy systems can 
accommodate the dairy cow better than they can growing cattle (or sheep). The effi- 
ciency of ME utilisation varies less in dairy cows than in growing animals, and the 
energy content of the product (milk) is less variable and more predictable than is the 
case with liveweight gain. A number of studies have compared energy systems for 
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Fig. 12.2 Comparison of energy systems for predicting the requirement of dairy 
cows. The S/R ratio, calculated by dividing the energy intake by the calculated 
energy requirement, describes how precisely each system predicts energy 
requirements. 


Adapted from Kaustell K et al. 1997 Livestock Production Science 51: 255. 


dairy cows, and the results of one such study are presented in Fig. 12.2. In this study, 
a data set of 51 milk production trials representing 261 diets was used to compare 
energy supply (S) with calculated energy requirements (R) for nine different energy 
systems. The S/R ratio, calculated by dividing the energy intake by the calculated en- 
ergy requirement, and expressed as a percentage, describes how precisely each sys- 
tem predicts dietary energy supply. This study illustrates that although some systems 
appear to be slightly better than others, most do not differ greatly. 

Current energy system for dairy cows, whether based on ME or NE, do not consider 
the characteristics of energy substrate supply. In contrast, mechanistic models are able 
to take into account the site of digestion, the type of nutrients absorbed and the nutri- 
ents required for milk component synthesis. Consequently, they may be better able 
to predict both nutrient supply and requirements. Figure 12.3 presents the results of 
study designed to compare the ability of the Dutch NE system, the UK ME system 
(AFRC 1993), the Feed into Milk system (FiM 2004) and a mechanistic model to 
predict energy (or nutrient) requirements and supply for milk production from grass- 
based diets. For all systems, energy (or nutrient) supply exceeded requirements, 
although the extent of oversupply was greater for the AFRC 1993 system (11.4 per 
cent) compared with the FiM 2004 system (8.5 per cent) and the Dutch NE system 
(6.4 per cent). However, for the mechanistic model, the predicted supply of gluco- 
genic nutrients was on average only 2.6 per cent higher than the requirement. 
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Fig. 12.3 Comparison of the supply and requirement for energy or glucogenic 
nutrients for grass-based diets using (a) the Dutch NE system, (b) the UK ME 
system, (c) the FiM system and (d) the mechanistic model. The solid line represents 
the linear regression between supply and requirement, and the dashed line is the 
line of unity that represents a perfect match between supply and requirement. 


From Dijkstra J et al. 2008 Animal Feed Science and Technology 143: 203. 


In the future, as energy systems become more complex to incorporate new informa- 
tion, and the need for simplicity is reduced by the increasing availability of computers, 
energy systems are likely to become parts of much larger mathematical models of nu- 
trient requirements that are capable of dealing simultaneously with energy, amino 
acids, vitamins and minerals (and with the interactions between them). Complex sys- 
tems tend to obscure the principles upon which they are based. Consequently, stu- 
dents of animal nutrition should pay particular attention to the principles of energy 
metabolism outlined in the previous chapter and at the same time familiarise them- 
selves with the energy systems currently used in their own countries. 


12.3 


Energy systems for pigs and poultry 


ENERGY SYSTEMS FOR PIGS AND POULTRY 


Energy systems for pigs and poultry are less complicated than those for ruminants, 
in both their derivation and application. One reason for this is that, because pigs and 
poultry digest cellulose to a limited extent, they are limited to a range of foods that vary 
little in their ME concentration. It is also generally considered that in pigs and poultry 
the efficiency of ME utilisation differs to a relatively small extent between foods. A 
further reason is that, unlike ruminants, pigs and poultry are less commonly rationed 
for a given level of production and are usually fed to appetite in the hope that they 
will achieve maximum rates of meat or egg production. Nevertheless, the energy 
concentration of foods and diets remains an important consideration because ani- 
mals tend to adjust their intake to provide a constant energy supply (see Chapter 17). 
If the energy concentration of the diet is increased (for example, by adding fat), then 
non-ruminant animals tend to reduce their intake. Therefore, if no adjustment is 
made to the concentrations of amino acids or other nutrients, they are likely to suf- 
fer deficiencies. In the practical rationing of pigs and poultry, the energy concentra- 
tion of the diet is considered to be more important than the energy requirement of 
the animal. 

An NE system for pigs was first introduced at the same time as the starch equiva- 
lent system for ruminants (by G Fingerling, Kellner’s successor at the Mockern 
Experimental Station), and revised versions of this, or alternative NE systems, have 
been used in a few European countries until the present day. However, most coun- 
tries, including the USA and the UK, have based their energy systems for pigs on ei- 
ther DE or ME, although these two are closely related (ME = 0.96 DE). However, 
over the past 15 years, the greater range of foods available for inclusion in pig diets, 
including fibrous by-products, has prompted further development of NE systems. As 
a measure of energy supply, NE is far superior to DE (or ME) if there are differences 
between foods in the efficiency of ME utilisation. For many pig diets, the efficiency 
of ME utilisation is reasonably constant; for example, Table 11.6 in Chapter 11 shows 
that the efficiency of ME utilisation for growth (kọ) is close to 0.71. Fibrous foods 
provide an exception, as the end products of fermentative digestion are used less 
efficiently in the pig than is glucose absorbed from the small intestine (as they are in 
ruminants). In 1981, the UK Agricultural Research Council, in its publication the 
Nutrient Requirements of Pigs, suggested that the production of methane and heat 
loss associated with the metabolism of volatile fatty acids reduced the NE value of 
‘fermented’ DE to no more than two-thirds of the DE derived from energy substrates 
absorbed from the small intestine. 

It is also well recognised that when k, is subdivided into separate factors for dep- 
osition of protein (k,) and fat (kẹ), these factors are different. Consequently, separate 
values for k, (0.56) and kg (0.74) have been used to calculate the energy require- 
ment of pigs for growth in both the US and the UK systems. This difference has be- 
come increasingly important because of the breeding policy of selecting pigs to store 
less fat and more protein. 

As stated above, until recently, the energy system used for pigs in the UK was 
based on DE. However, after extensive consultation with the industry and other 
stakeholders, an NE system was introduced in 2003 (see Further reading). In this 
system, both energy requirements and the energy value of foods are expressed in 
terms of NE. As explained previously (see Chapter 10), the NE value of a food is 
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essentially the animal’s basal metabolic rate and energy required for protein and 
lipid retention, which is calculated by multiplying the ME value of the food by the 
efficiency of ME utilisation. However, as the efficiency of ME utilisation varies de- 
pending on energy substrate supply, the balance of processes (basal metabolism, 
protein and lipid retention) and the physiological state of the animal, the NE 
value of a food depends on both the characteristics of the food and those of the 
animal to which it is fed. In the UK system, different NE values of foods are cal- 
culated for growing pigs and lactating sows, and for pregnant sows, based on the 
measured DE or digestible nutrient composition of foods using prediction equations 
as follows: 


NE (MJ/kg DM) = (0.0121 DCP) + (0.0350 DEE) + (0.0143 ST) 
+ (0.0116 S) + (0.0086 Dres) 


NE (MJ/kg DM) = (0.703 DE) + (0.0066 EE) + (0.0020 ST) 
+ (0.0041 CP) + (0.0041 CF) 


where ST, S, EE and CF indicate starch, sugars, ether extract and crude fibre, and DCP 
and DEE indicate digestible crude protein and digestible ether extract. Dres indicates 
digestible organic matter minus other digestible nutrients used in the equation. 

Consequently, the NE values of foods high in protein and non-starch polysaccha- 
rides are lower compared with those high in starch and fats. Similarly, NE values of 
foods are lower for growing pigs and lactating sows compared with those for preg- 
nant sows (see Appendix A2.2.2). The NE system provides a more appropriate 
framework than the previous DE system for matching animal energy requirements 
with energy supply from foods. 

The first comprehensive energy system for poultry was developed in the USA by 
Fraps, who used the comparative slaughter technique to measure energy retention 
in young chickens. The figures obtained were called ‘productive energy values’ to 
emphasise that they were NE values for growth rather than maintenance. Fraps also 
devised methods for predicting the energy value of poultry foods from either their 
gross or digestible nutrient composition. Fraps’s productive energy values were used 
by some nutritionists to formulate diets until the early 1970s, but they were never 
widely accepted, and in most parts of the world ME has been used to express the 
energy value of poultry foods. The use of ME is justified by the fact that commer- 
cial poultry production in different parts of the world is very similar, with both 
broiler and layer stock being produced by a small number of multinational breeding 
companies and subject to similar husbandry methods. As a consequence, their 
NE requirements are relatively consistent and, given the range of foods normally 
included in poultry diets, the efficiency of ME utilisation does not vary to any great 
extent. However, modern poultry production is highly competitive, and recent 
calorimetric studies have indicated that different energy substrates may be used 
with different efficiencies. In particular, ME supplied as fat is used more efficiently 
than ME supplied as carbohydrate or protein. As a result, there has been renewed 
interest in NE systems for poultry, which would include equations for predicting NE 
values from ME values, but these have not been adopted (see Further reading). The 
fact that ME is so easily measured in poultry as both faeces and urine are voided 
together is undoubtedly a strong factor favouring its retention in energy systems 
for poultry. 


12.4 


Energy systems for horses 


ENERGY SYSTEMS FOR HORSES 


At one time, the US National Research Council used total digestible nutrients to ex- 
press both the energy requirements and energy value of foods for horses. However, 
there are now two main energy systems available for use with horses. In most parts 
of the world, including the Americas, Australasia and parts of Europe (including the 
UK), the system used is based on DE, but in France over the past 20 years a system 
based on NE has been developed. The original DE system, first published by the Na- 
tional Research Council in 1989, was revised and reprinted in 2007. In the DE sys- 
tem, both energy requirements and energy supply are expressed in terms of DE, and 
DE requirements are calculated using a factorial approach similar to that adopted for 
ruminants. However, because the number of feeding trials conducted with horses is 
limited, and the database of measured DE values for foods is smaller than for rumi- 
nants, food DE values are often predicted from their chemical composition. 

The French NE system was originally developed by the Institut National de la 
Recherche Agronomique in 1984. In this system, both animal requirements and the 
energy supply are expressed as Unite Fouragëre Cheval (UFC; horse feed units). One 
UFC is equivalent to the NE contained in 1 kg of barley (9.414 MJ). The system re- 
lies on maintenance being the major energy requirement of horses and therefore as- 
sumes that only one NE value for each food is required. To calculate NE values for 
foods, the system utilises information on the gross energy values of foods and their 
digestibility, the efficiency of conversion of DE to ME, the relative proportions of dif- 
ferent energy substrates absorbed and the efficiency of energy substrate utilisation. 
The organic matter digestibility (OMD) and DE values of foods are predicted from 
OMD values determined in sheep. The efficiency of conversion of ME to DE depends 
on the extent of energy losses in urine and methane. In horses, urine and methane 
loses are much lower and less variable than in ruminants, with typical values being 
4.26 per cent and 1-4 per cent for urine and methane, respectively. However, reliable 
prediction of urine and methane losses has proved difficult and DE : ME ratios are 
predicted from food composition, with typical values being 0.90-0.95 for cereals, 
0.84-0.88 for forages, legume seeds and cereal by-products, and 0.78-0.80 for 
oilseed meals. Because of the structure of the equine digestive tract (see Chapter 8), 
the nature of the energy substrates available for absorption depends on the chemical 
composition of the food consumed and the site of digestion. Foods with the same DE 
value may contribute different energy substrates. In the French NE system, energy 
substrates (glucose, long-chain fatty acids and amino acids) absorbed in the small 
intestine are estimated from the enzymatic digestion of food components, based 
on measured values in horses and those derived from studies with pigs and rumi- 
nants. The undigested food residue that leaves the small intestine is then subjected 
to microbial fermentation in the hind gut and volatile fatty acid production is esti- 
mated from whole-tract OMD minus OM digested in the small intestine. The rela- 
tive proportions of different VFAs produced are then predicted from the fibre 
content of foods. Finally, the efficiency of ME utilisation for maintenance (km) is 
calculated as follows: 


kn = 0.85 EcL + 0.80 Er cFA + 0.70 EAA + (0.63 to 0.68) Evra 


where EcL, Ercrc, Eaa and Evra represent the energy absorbed as glucose, long-chain 
fatty acids, amino acids and volatile fatty acids, respectively. 
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12.5 


Because horses cannot ruminate, they spend twice as long as ruminants chewing 
their food, with a consequent energy cost, which depends on the physical form and 
nature of the food consumed. The NE system also takes into account the energy cost 
of eating in assessing km. 

Both the DE and NE systems have their strengths and limitations. Owing to the 
complexity of digestion and metabolism in horses, the relationship between DE and 
NE for a range of foods is poor. For example, forages are normally digested by micro- 
bial fermentation in the hind gut, with associated energy losses as methane, heat of 
fermentation and the efficiency of utilisation of volatile fatty acids. On the other 
hand, cereals are normally digested in the small intestine, with energy being absorbed 
and metabolised as glucose, with fewer energy losses. Consequently, the DE system 
overestimates energy supply from high-fibre feeds and underestimates energy supply 
from high-starch feeds. However, this bias is reduced when mixed diets are fed. In 
the NE system, NE values are based on predicting the proportions of different energy 
substrates absorbed. However, no account is taken of the effects of different feeds 
and feeding methods on the site and extent of digestion, or nutrient uptake. For 
example, the level of feeding and the extent of processing have been shown to 
have a major impact on pre-caecal starch digestion and the relative proportions of 
glucose and volatile fatty acids absorbed. In the NE system, the use of a single NE 
value for foods based on the efficiency of ME utilisation for maintenance is justi- 
fied by the fact that maintenance accounts for approximately 50-90 per cent of the 
energy required by lactating and pregnant horses and 60-90 per cent of the energy 
required by growing and working horses. However, it is unlikely that ME will be 
used with the same efficiency for all physiological processes, and failure to account 
for differences between processes may introduce errors into the system for partic- 
ular types of horse, such as those undertaking heavy work or growing rapidly. 
Overall, both the DE and NE systems appear to produce similar results. However, 
although the NE system provides a sound theoretical framework for matching en- 
ergy supply to requirement and can readily incorporate new information, it is 
complex and may be considered incomplete. In addition, the use of barley as a 
reference feed may be confusing in parts of the world where barley is not com- 
monly fed to horses. The DE system has the practical advantage that more is 
known about predicting the DE value of foods from their chemical composition; it 
is also simple and therefore better understood by nutritionists, veterinarians and 
horse owners. 


PREDICTING THE ENERGY VALUE OF FOODS 


The precision of any energy system depends on the accuracy with which the energy 
content of individual foods or diets can be estimated. The ME content of grass 
silage, for example, varies from perhaps 8.0 MJ/kg DM to 12.5 MJ/kg DM, depend- 
ing on the type of grass from which it is made and the silage-making processes em- 
ployed. A farmer wishing to assess silage quality may be able to get an approximate 
indication of its energy value by identifying the silage type and referring to an ap- 
propriate textbook (see Appendix 2). However, a more precise assessment can be 
obtained by subjecting the silage to chemical analysis and using the information 
obtained to type the silage more accurately, or predict its energy value using pre- 
diction equations. For example, the following equations allow the energy values of 


Predicting the energy value of foods 


grass silages for ruminants and forages for horses to be predicted from their chemi- 
cal composition: 
Ruminants (silages): 


ME (MJ/kg DM) = 15.0 — (0.0140 MADP) 
ME (MJ/kg DM) = 5.45 + (0.0085 NCD) 


Horses (forages): 
DE (MJ/kg) = 17.66 — (0.046 ADF) + (0.0139 CP) + (0.000468 ADF’) 


where MADF, NCD, ADF and CP indicate modified acid detergent fibre, neutral 
cellulose digestibility, acid detergent fibre and crude protein, respectively. 

An alternative approach to chemical analysis is to estimate digestibility by in vitro 
fermentation (see p. 241) and predict the energy value from the digestible organic 
matter content of the food. For forages given to ruminants, the following equation is 
often used: 


ME (MJ/kg DM) = 0.016 DOMD 


where DOMD (g) indicates digestible organic matter per kilogram of dry matter. 

The introduction of new methods of analysis, such as near-infrared spectrometry 
(NIRS), has speeded up the prediction of digestibility and energy values for a range 
of foods (see Chapter 10). However, it must be remembered that all laboratory meth- 
ods of predicting the energy value of foods are dependent on the availability of reli- 
able data obtained from properly conducted metabolism trials with animals. It is the 
systematic evaluation of many food samples in such trials that provides the regres- 
sion equations that are subsequently used to predict energy values from laboratory 
measurements. 

For cereal grains and other concentrate foods, the prediction of energy value is 
easier than for forages, because such foods are less variable in chemical composition; 
appropriate values can therefore be taken from tables in appropriate textbooks. How- 
ever, there are occasions when the energy values of concentrate foods need to be pre- 
dicted from their chemical composition. For example, many countries are introducing 
legislation that requires compound feed manufacturers to declare the energy value 
(typically, the ME value) of their products. Consequently, a simple method of check- 
ing such values is required. In the UK, the following equations can be used to predict 
the energy content of compound foods fed to ruminants, horses, pigs and poultry: 

Ruminants: 


ME (MJ/kg DM) = (0.014 NCDG) + (0.025 AEE) 
Horses: 
DE (MJ/kg) = 17.02 — (0.023 ADF) 
Pigs: 
DE (MJ/kg DM) = 17.47 + (0.0079 CP) + (0.0158 AEE) 
— (0.0331 Ash) — (0.0140 NDF) 
Poultry: 


ME (MJ/kg) = (0.01551 CP) + (0.03431 AEE) + (0.01669 ST) 
+ (0.01301 S) 
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where CP, AEE, Ash, ST and S indicate crude protein, acid ether extract, ash, starch 
and total sugars, respectively, and NCDG indicates neutral cellulose plus gamanase 
digestibility. All are expressed as g/kg DM (ruminants and pigs) or g/kg food (horses 
and poultry). 

The four equations differ in principle. The equation for poultry assigns a logically 
derived factor for each constituent. For example, assuming the energy value of fat to 
be 0.0393 MJ/g, the factor for acid ether extract indicates that 0.03431/0.0393 = 
0.87 of the gross energy of the lipid in poultry food is metabolisable. The equations 
for horses and pigs start with a constant value and adjust it upwards, depending on 
the protein and acid ether extract content, and downwards, depending on the ash 
and fibre content. The equation for ruminants is based on a biological rather than a 
chemical evaluation of the food but includes an adjustment for acid ether extract. 

Earlier equations were based on the original components of the proximate analysis. 
An example of an earlier equation for pig foods, based on a compilation of European 
studies made by the European Association for Animal Production, is: 


ME (MJ/kg DM) = (0.018 CP) + (0.0315 AEE) + (0.0163 NFE) 
— (0.0149 CF) 
The precision of this and other equations can be assessed from their residual 


standard deviations (rsd). The ME equation based on proximate constituents (rsd 
0.54) is less precise than the DE equation based on modern analytical components 


(rsd 0.33). 


SUMMARY 


1. 
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Energy systems consist of three components: 
(1) the energy requirements of the animal, 
(2) the energy values of foods and (3) infor- 
mation of the efficiency of energy utilisation 
linking (1) and (2). 


. Energy systems can be considered to be 


simple models used either to predict the per- 
formance of animals on a prescribed ration 
or to formulate rations for animals with a 
desired level of performance. 


In the UK metabolisable energy system for 
ruminants, animal requirements are expressed 
in terms of net energy (NE) and food energy 
values are expressed as metabolisable energy 
(ME). Animal ME requirements are calculated 
using efficiency factors (k) for different 
productive processes (e.g. maintenance, 
lactation or growth), which depend on the 
ME concentration of the diet (M/D). 


The UK metabolisable energy system has 
been refined by including corrections to 


account for the effects of level of feeding on 
both the ME value of the foods and the 
efficiency of ME utilisation. 


. In the UK, the ME requirements of dairy cows 


for maintenance and lactation can be calcu- 
lated from the curvilinear relationship 
between milk energy derived from dietary 
ME and dietary ME directed towards milk 
production proposed by Feed into Milk 2004. 


. Asan alternative to ME, various countries in 


continental Europe and the USA have 
adopted energy systems based on NE. In 
these systems, the NE value of foods is calcu- 
lated from ME and different NE values are 
derived for different productive purposes 
(e.g. maintenance, growth or lactation). 


. Most energy systems for ruminants produce 


similar results. However, as new information 
becomes available, the systems are becoming 
more complex. In the future, with increasing 
use of computers, mechanistic models may be 


Further reading 


able to more accurately predict animal 9. Energy systems for horses, based on either DE 
energy requirements and the energy value or NE, produce similar results. The NE system 
of animal foods. provides a sound theoretical framework but 
> is complex to use. The DE system is relatively 
. Energy systems for pigs and poultry are ° : an UFS 

5 simple and easily understood by nutritionists, 
largely based on either DE or ME because the ns nie qha ai OR Ort te 
efficiency of DE utilisation (or ME) is rela- : 
tively constant. However, with increasing use 10. The energy value of some foods is variable. 


of fibrous by-products and more information 
on the efficiency of energy substrate utilisa- 
tion, there is renewed interest in NE systems. 
In the UK, a NE system has been introduced 


Consequently, most systems include equa- 
tions for predicting the energy value of foods 
from their chemical composition determined 
by laboratory analysis. 


for pigs. 


QUESTIONS 


12.1 Predict the performance of a group of 30 kg wether lambs (castrated males) 
offered a diet consisting of 1.0 kg hay (DM 800 g/kg, ME 9.0 MJ/kg DM) and 
0.3 kg concentrate (DM 860 g/kg, ME 13.0 MJ/kg DM). The net energy require- 
ments for maintenance and growth of a 30 kg wether lamb are 3.2 MJ/day and 
14.0 MJ/kg, respectively. 


Formulate a diet to meet the energy requirements of a group of 650 kg 
Holstein X Freisian cows producing 36 | milk. Grass silage (DM 280 g/kg, ME 
10.8 MJ/kg DM) and dairy concentrate (DM 860 g/kg, ME 13.5 MJ/kg DM) 
are available. It is anticipated that the cows will consume 19.5 kg/day dry mat- 
ter and no weight change is expected. The net energy requirements for mainte- 
nance and milk production are 44.8 MJ/day and 3.0 MJ/l, respectively. 


12.2 


12.3 A food intended for growing pigs was analysed in the laboratory to contain the 


following chemical components: 


g/kg DM 
Crude protein 160 
Acid ether extract 50 
Neutral detergent fibre 150 
Ash 60 


Calculate the digestible energy value of the food and the expected liveweight 
gain of 35 kg growing pigs (DE maintenance 7.0 MJ/day) offered 1.0 kg DM 
per head per day. The pig’s weight gain contains 210 g/kg muscle DM (170 g 
protein) and 200 g/kg fat. (The information presented in both Chapters 11 and 
12 may be useful here.) 
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13.1 


Evaluation of foods: protein 


13.1 Crude protein 

13.2 Digestible crude protein 

13.3 Determination of endogenous nitrogen 

13.4 Measures of protein quality for monogastric animals 

13.5 Measures of food protein used in practice in the feeding of pigs and poultry 
13.6 Measures of food protein used in practice in the feeding of horses 

13.7 Measures of protein quality for ruminant animals 

13.8 The UK metabolisable protein system 

13.9 The UK Feed into Milk protein system for dairy cows 


Proteins are made up of amino acids, the classification of which into essential (indis- 
pensable) and non-essential (dispensable) has already been described in Chapter 4 and 
in Chapter 9 under ‘protein synthesis’. For food to be used with maximum efficiency, the 
animal must receive sufficient quantities of both the essential and non-essential amino 
acids to meet its metabolic demands. Simple-stomached animals such as pigs and poul- 
try obtain these acids from the breakdown of food proteins during digestion and ab- 
sorption. In the case of ruminant animals, the situation is more complex. 

Considerable degradation and synthesis of protein occur in the rumen, and the ma- 
terial that finally becomes available for digestion by the animal may differ considerably 
from that originally present in the food. Different approaches to the evaluation of pro- 
tein sources are therefore necessary for ruminant and non-ruminant animals. 

In the past, foods were evaluated as sources of protein by somewhat crude and sim- 
ple methods that took no account of the species of animal for which the foods were in- 
tended. Some of these methods are still sometimes used. These will be dealt with first, 
and then the more refined methods of assessing protein quality for simple-stomached 
and ruminant animals will be discussed separately. 


CRUDE PROTEIN 


Most of the nitrogen required by the animal is used for protein synthesis. Most of the 
food nitrogen is also present as protein, and it is convenient and almost universal for the 
nitrogen requirements of animals and the nitrogen status of foods to be stated in terms 
of protein. Chemically, the protein content of a food is calculated from its nitrogen 
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content determined by a modification of the classical Kjeldahl technique or the Dumas 
method; this gives a figure that includes most forms of nitrogen, although nitrites, 
nitrates and certain cyclic nitrogen compounds require special techniques for their 
recovery. Two assumptions are made in calculating the protein content from that of 
nitrogen: first, that all the nitrogen of the food is present as protein; and second, that all 
food protein contains 160 g N/kg. The nitrogen content of the food is then expressed in 
terms of crude protein (CP): 


CP (g/kg) = g N/kg x 1000/160 
or more commonly: 
CP (g/kg) = g N/kg x 6.25 


Both the assumptions are unsound. Different food proteins have different nitro- 
gen contents and, therefore, different factors should be used in the conversion of 
nitrogen to protein for individual foods. Table 13.1 shows the nitrogen contents of 
a number of common proteins, together with the appropriate nitrogen conversion 
factors. 

Although fundamentally unsound, the use of an average conversion factor of 6.25 
for all food proteins is justified in practice, since protein requirements of farm ani- 
mals, expressed in terms of N X 6.25, are requirements for nitrogen and not for pro- 
tein per se. The publication of tables of protein contents based on true conversion 
factors could lead to considerable confusion and inefficiency in feeding. The assump- 
tion that the whole of the food nitrogen is present as protein is also false, since many 
simple nitrogenous compounds, such as amides, amino acids, glycosides, alkaloids, 
ammonium salts and compound lipids, may be present (see Chapter 4). Quantita- 
tively, only the amides and the amino acids are important, and these are present in 
large amounts in only a few foods such as young grass, silage and immature root 
crops. About 95 per cent of the nitrogen of most mature seeds is present as true pro- 
tein, whereas leaves have 80-90 per cent, stems and roots 60 per cent, and storage 
organs such as potatoes and carrots 30—40 per cent, in this form. In the diets of pigs 
and poultry, cereals and oilseeds predominate, and they contain little non-protein ni- 
trogen. Hence, in practice, there is little to be gained from attempting to differentiate 
between the two types of nitrogen, particularly as a considerable proportion of the 


Table 13.1 Factors for converting nitrogen to crude protein 


Food protein Nitrogen (g/kg) Conversion factor 
Cotton seed 188.7 5.30 
Soya bean 175.1 5.71 
Barley 171.5 5.83 
Maize 160.0 6.25 
Oats 171.5 5.83 
Wheat 171.5 5.83 
Egg 160.0 6.25 
Meat 160.0 6.25 
Milk 156.8 6.38 


Adapted from Jones D B 1931 USDA Circ. 183. 


13.2 


Digestible crude protein 


non-protein fraction, amino acids and amides for example, may be utilised for amino 
acid synthesis by the animal. Tradition apart, there seems little justification for the 
use of the term ‘crude protein’ in nutrition. The expression of both animal require- 
ments and the status of foods in terms of nitrogen would be more logical and would 
avoid confusion. 


DIGESTIBLE CRUDE PROTEIN 


The crude protein figure provides a measure of the nitrogen present in the food but 
gives little indication of its value to the animal. Before the food becomes available to 
the animal, the food must undergo digestion, during which it is broken down to sim- 
pler substances that are absorbed into the body. The digestible protein in a food may 
be determined by digestibility trials in which nitrogen intake is measured along with 
the nitrogen voided in the faeces, as described in Chapter 10. 

Digestibility coefficients based on collection and analysis of digesta from the ter- 
minal ileum are generally considered to give a more accurate measure of the nitrogen 
absorbed than do those based on the more usual faecal collection. Ileal collection 
eliminates the lower gut as a source of errors and is justified since absorption from 
the large intestine is held to make little or no contribution to the protein status of the 
animal. Furthermore, a higher correlation has been demonstrated between daily 
liveweight gain in pigs and ileal rather than whole-tract digestibility (r = 0.76 v. 0.34), 
particularly with unusual protein sources. 

It is assumed that the difference between the quantities of nitrogen in the food 
and faeces (or digesta in the case of ileal collection) represents the quantity ab- 
sorbed in a utilisable form by the body and that all nitrogen that appears in the fae- 
ces is of dietary origin. In the light of the fate of ruminal ammonia (see Chapter 8) 
and the presence in faeces and digesta of nitrogen of metabolic or endogenous origin 
(see Chapter 10), these assumptions are untenable. The figures so obtained are for 
apparently digestible protein. Determination of the true digestibility must take ac- 
count of the contribution of nitrogen of endogenous origin to that of the digesta. The 
endogenous nitrogen (EN) contains non-food substances entering the intestine, such 
as saliva, bile, gastric and pancreatic secretions, and cells sloughed off the mucous 
membrane of the gut. It may also contain significant amounts of bacterial nitrogen, 
which is not endogenous in origin. Endogenous nitrogen may be divided into two 
fractions: that which is unrelated to the quality and the quantity of the dietary pro- 
tein and is dependent only upon the quantity of dry matter passing through the gut 
and termed basal nitrogen loss (BN), and that which is related to the quality and 
quantity of the dietary protein and other ingredient characteristics such as fibre or 
anti-nutritional factors, and termed specific endogenous nitrogen (SN). These differ- 
ent fractions are shown in Fig. 13.1. 

As a result of the inclusion of BN (which is constant for a given level of dry mat- 
ter intake), in the calculation of apparent digestibility, different values will be ob- 
tained for different levels of dietary protein inclusion. It has been suggested that this 
anomaly may be overcome by eliminating BN from the calculation to give a figure 
for ‘standardised digestiblity’. For pigs and poultry, amino acid supply rather than 
protein is considered, and ileal digestibility rather than whole-tract digestibility is 
used. Therefore, endogenous amino acids are calculated as the sum of basal amino 
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13.3 


Amount of 
nitrogen 
excreted 


Dietary origin nitrogen 


Specific endogenous nitrogen (SN) 


Rate of incorporation of feedstuff in the diet or 
dietary nitrogen content 


Fig. 13.1 Origin of excreted nitrogen. 


acid loss (BAA) and specific endogenous amino acid loss (SAA). Standardised ileal 
digestibility (SID) is then calculated as follows: 
dietary AA intake — (ileal AA flow — ileal BAA flow) 


u x 1 
SID (g/kg) dietary AA intake ka 


Means of estimating BAA are described later. 

The use of standardised digestibility figures overcomes the problem of multiple 
values and the systematic undervaluation of the digestibility of low-protein foods 
that is inherent in apparent digestibility figures. Standardised digestibility is some- 
times referred to as true digestibility, but it remains an apparent value and does not 
give a realistic picture of the true digestibility of the nitrogen. For this, the specific 
endogenous contribution to faecal or digesta nitrogen (or amino acids) must be 
taken into account. 


DETERMINATION OF ENDOGENOUS NITROGEN 


The magnitude of the endogenous nitrogen component may be estimated by one of 
the following procedures: 


m Measuring the nitrogen in digesta when protein-free diets are consumed, the as- 
sumption being that this is entirely endogenous in origin. The procedure is non- 
physiological, normal protein metabolism may be affected, and nitrogen secretion 
into the gut may be reduced. Furthermore, the diet may lack the stimulatory ef- 
fect of normal diets on endogenous secretions. However, the fibrous nature of 
protein-free diets increase the contribution of that part of the endogenous compo- 
nent resulting from abrasion of the gut membrane. The technique cannot be used 
with ruminant animals as nitrogen-free diets inhibit rumen fermentation. 

m Measuring the nitrogen in digesta when completely digestible protein is consumed. 


Determination of endogenous nitrogen 


Measuring the recoveries of nitrogen, from digesta, when graded levels of protein 
are consumed. The recoveries are regressed on intake; extrapolation to zero intake 
is taken as the endogenous nitrogen loss. It is assumed that endogenous nitrogen 
loss is not related to protein intake. This is not a valid assumption and the esti- 
mates obtained by this method are, at best, minimum values. 

Isotope dilution, in which the stable nitrogen isotope N is introduced in known 
concentration in the food. The concentration in the faeces/digesta is then mea- 
sured and the dilution with nitrogen of non-food (endogenous) origin is calculated. 
Treating dietary lysine with guanidine to give homoarginine. This is assumed to 
escape digestion in the gut and any lysine appearing in the digesta is assumed to be 
of endogenous origin. The relationship between lysine and the other amino acids is 
considered to be constant and is used in calculating their true digestibility. 
Peptide alimentation of the alimentary canal with hydrolysed casein and separa- 
tion of the exogenous and endogenous components on the basis of molecular 
weight, the endogenous being greater than 10 000. 


The results may vary widely with the different techniques employed. Even two of 
the most favoured current techniques, that based on homoarginine and that using 
1SN-labelled dietary protein, show average differences of about 5 per cent in the true 
digestibility values derived from them. Some figures obtained using N labelling are 
given in Table 13.2. 

As well as varying with the technique used, the magnitude of the endogenous ni- 
trogen fraction is influenced by the type and amount of non-starch polysaccharide in 
the diet and the protein status of the experimental animals. Some workers consider 
that endogenous secretions are a component of the net value of the food and that di- 
gesta nitrogen should be set against dietary nitrogen, whatever its origin. Others re- 
gard digestibility as purely a property of the food and consider that endogenous 
nitrogen should be eliminated from its calculation. The digestibility of the nitrogen of 
a complete diet could then be calculated additively from the digestibility values of 
the proteins of the foods making up the diet. Owing to the variability of the values 
for endogenous nitrogen, any assumed figure used to transform apparent to true 
digestibility values will be of doubtful validity, and so will the resulting coefficients. 


Table 13.2 Apparent and true ileal protein digestibility values as determined by 
the '°N-isotope dilution techniques 


Soya bean Canola Wheat Barley 
meal meal 
Digestibility (%) 
Apparent 83.8 66.0 80.0 69.5 
True 97.5 84.1 99.0 94.2 
Endogenous protein 
As g/kg dry matter intake 25.5 30.5 27.4 27.7 
As percentage of total crude 84.6 53.5 94.5 81.1 
protein present at the distal ileum 
As g/100 g crude protein intake 13.7 18.0 19.1 24.7 


Adapted from Sauer W C and de Lange K 1992 Novel methods for determining protein and amino acid 
digestibility values in feedstuffs. In: Nissen S (ed.) Modern Methods in Protein Nutrition and Metabolism, 
London, Academic Press. 
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13.4 


Most of the figures in current use are apparent values, but in feeding systems in which 
metabolic nitrogen loss is treated as part of the maintenance nitrogen demand, true 
rather than apparent coefficients have to be used. 

There is evidence that figures for the apparent ileal digestibility of lysine, and 
some other amino acids, overestimate availability to the animal, which reinforces the 
view that it is dangerous to equate digestibility with availability. 


MEASURES OF PROTEIN QUALITY FOR 
MONOGASTRIC ANIMALS 


Digestible protein figures are not entirely satisfactory measures of the value of a protein 
to an animal, because the efficiency with which the absorbed protein is used differs con- 
siderably from one source to another. In order to allow for such differences, methods for 
evaluating proteins, such as the protein efficiency ratio (PER), the net protein retention 
(NPR) and the gross protein value (GPV), which are based on the growth response of 
experimental animals to the protein under consideration, have been devised. 


Protein efficiency ratio 
This is defined as follows: 


gain in body weight (g) 


PER = 
protein consumed (g) 


The rat is the usual experimental animal. 


Net protein retention 
This is calculated as follows: 


weight gain of TPG — weight loss of NPG 


NPR = 
weight of protein consumed 


where TPG = group given the test protein and NPG = group of protein-free diet. 


Gross protein value 


The liveweight gains of chicks receiving a basal diet containing 80 g crude protein/kg 
are compared with those of chicks receiving the basal diet plus 30 g/kg of a test protein, 
and of yet others receiving the basal diet plus 30 g/kg of casein. The extra liveweight 
gain per unit of supplementary test protein stated as a proportion of the extra 
liveweight gain per unit of supplementary casein is the GPV of the test protein, i.e.: 


GPV = A/A° 
where A = g increased weight gain/g test protein and ° = g increased weight 
gain/g casein. 
Nitrogen balance 


Liveweight gains may not be related to protein stored, and a more accurate evalu- 
ation of a protein may be obtained by using the results of nitrogen balance exper- 
iments. In such experiments, the nitrogen consumed in the food is measured, 


Measures of protein quality for monogastric animals 


Table 13.3 Nitrogen balance for a Large White/Landrace pig on a diet of wheat, 
soya bean meal and herring meal 


Daily intake (g) Daily output (g) 
Food nitrogen 46.42 
Faecal nitrogen 4.99 
Urinary nitrogen 19.64 
Nitrogen retained by body 21.79 
Total 46.42 46.42 
Balance +21.79 


Adapted from Morgan C A and Whittemore C T, unpublished. 


together with that voided in the faeces, urine and any other nitrogen-containing 
products such as milk, wool and eggs. When the nitrogen intake is equal to the 
output, the animal is said to be in nitrogen equilibrium; when intake exceeds out- 
put, it is in positive balance; when output exceeds intake, it is in negative balance. 
Table 13.3 illustrates the calculation of a nitrogen balance for a 50 kg pig in posi- 
tive nitrogen balance to the extent of 21.79 g/day. 

Balance trials are susceptible to several sources of error: 


inadequate adaptation of experimental animals to the diet and the environment; 
collection and weighing of faeces and urine; 

storage of faeces and urine; 

preparation and sampling of faeces and urine for chemical analysis. 


The results of balance trials have been shown to diverge considerably from those 
obtained with the comparative slaughter technique (see Chapter 11). This too is li- 
able to error, owing largely to the difficulty of animal selection for the initial slaugh- 
ter group, which, if inadequate, can invalidate the comparison with the slaughter 
group. With larger animals, errors can arise from poor sampling of the carcasses 
owing to their physical size. They have then to be dissected into component parts for 
sampling, instead of the body sampling possible with smaller animals. In general, the 
balance technique gives higher estimates of nitrogen retention, and most authorities 
agree that such estimates are not as reliable as those based on slaughter. 


Biological value 


This is a direct measure of the proportion of the food protein that can be utilised by 
the animal for synthesising body tissues and compounds, and may be defined as the 
proportion of the absorbed nitrogen that is retained by the body. A balance trial is 
conducted in which nitrogen intake and urinary and faecal excretions of nitrogen are 
measured, along with the endogenous fractions in these two materials. The biological 
value is then calculated as follows: 


N intake — (faecal N — MFN) — (urinary N — EUN) 
N intake — (faecal N — MFN) 


where MFN = metabolic (endogenous) faecal nitrogen and EUN = endogenous 
urinary nitrogen. 
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Table 13.4 Calculation of biological value for maintenance and 
growth of the rat 


Food consumed daily (g) 6.0 
Nitrogen in food (g/kg) 10.43 
Daily nitrogen intake (mg) 62.6 
Total nitrogen excreted daily in urine (mg) 32.8 
Endogenous nitrogen excreted daily in urine (mg) 22.0 
Total nitrogen excreted daily in faeces (mg) 20.9 
Metabolic faecal nitrogen excreted daily (mg) 10.7 


62.6 — (20.9 — 10.7) — (32.8 — 22.0) 
E 62.6 — (20.9 — 10.7) 


= 0.79 


Adapted from Mitchell H H 1942 Journal of Biological Chemistry 58: 873. 


An example of such a calculation is given in Table 13.4. 

The endogenous urinary nitrogen results from irreversible reactions involved in 
the breakdown and replacement of various protein secretions and structures within 
the body. Thus, both the faecal and urinary endogenous fractions represent nitrogen 
that has been absorbed and utilised by the animal rather than nitrogen that cannot 
be so utilised. Their exclusion from the faecal and urinary values in the above for- 
mula gives a measure of the true biological value. 

In determining biological value, as much as possible of the dietary protein should 
be provided by that under test. Protein intake must be sufficient to allow adequate ni- 
trogen retention, but it must not be in excess of that required for maximum retention; 
if the latter level were exceeded, then the general amino acid catabolism resulting 
would depress the estimate of biological value. For the same reason, sufficient non- 
protein nitrogenous nutrients must be given to prevent protein being catabolised to 
provide energy. The diet must also be adequate in other respects. Table 13.5 gives 
biological values for the proteins of some typical foods. 


Table 13.5 Biological values of the protein in 
various foods for maintenance and growth for 
the growing pig 


Food BV 
Milk 0.95-0.97 
Fish meal 0.74-0.89 
Soya bean meal 0.63-0.76 
Cotton seed meal 0.63 
Linseed meal 0.61 
Maize 0.49-0.61 
Barley 0.57-0.71 
Peas 0.62-0.65 


Adapted from Armstrong D G and Mitchell H H 1955 
Journal of Animal Science 14: 53. 


Measures of protein quality for monogastric animals 


Such biological values are for the combined functions of maintenance, meaning 
the replacement of existing proteins, and growth (i.e. the formation of new tissues). 
Biological values for maintenance alone may be calculated from balance data. A lin- 
ear relationship exists between nitrogen intake and balance below equilibrium, 
which may be represented by the following equation: 


y=bx-a 


where y = N balance, x = N absorbed, a = N loss at zero intake (all expressed as gN 
per basal kJ), and b = nitrogen balance index, i.e. that fraction of the absorbed nitro- 
gen retained by the body and is equal to the BV for maintenance. 

The product of BV and digestibility is termed the net protein utilisation (NPU) 
and is the proportion of the nitrogen intake retained by the animal. 

The amino acids absorbed by the animal are required for the synthesis of body 
proteins. The efficiency with which this synthesis is effected depends partly on how 
closely the amino acid proportions of the absorbed mixture resemble those of the 
body proteins and partly on the extent to which the proportions can be modified. 
The biological value of a food protein therefore depends upon the number and 
kinds of amino acids present in the molecule: the closer the amino acid composition 
of the food protein approaches that of the body protein, the higher will be its bio- 
logical value. Animals have little ability to store amino acids in the free state, and if 
an amino acid is not required immediately for protein synthesis then it is readily 
broken down and either transformed into a non-essential amino acid or used as an 
energy source. Since essential amino acids cannot be effectively synthesised in the 
animal body, an imbalance of these in the diet leads to wastage. Food proteins with 
either a deficiency or an excess of any particular amino acid will tend to have low 
biological values. 

If we consider two food proteins, one deficient in lysine and rich in methionine, 
and the other deficient in methionine but containing an excess of lysine, then, if 
these proteins are given separately to young pigs, they will have low biological val- 
ues because of the imbalance of these acids. If, however, the two proteins are given 
together, then the mixture will be better balanced and have a higher value than ei- 
ther given alone. Such proteins complement each other. In practice, and for a similar 
reason, it often happens that a diet containing a large variety of proteins has a higher 
biological value than a diet containing only a few proteins. This also explains why 
biological values of individual foods cannot be applied when mixtures of foods are 
used, since the biological value of a mixture is not simply a mean of the individual 
components. For the same reason, it is impossible to predict the value of a protein as 
a supplement to a given diet from its biological value. 

Animal proteins generally have higher biological values than plant proteins, al- 
though there are exceptions. Gelatin, for example, is deficient in several essential 
amino acids. 

The amino acid composition of a given food protein will be relatively constant 
(see Appendix 2, Table A2.1.3), but that of the protein to be synthesised will vary 
considerably with the type of animal and the various functions it has to perform. For 
the normal growth of rats, pigs and chicks, for example, lysine, tryptophan, histidine, 
methionine, phenylalanine, leucine, isoleucine, threonine, valine and arginine are 
dietary essentials. Humans do not require histidine, whereas chicks need glycine, in 
addition to those acids required by the rat, to ensure optimum growth. On the other 
hand, arginine is not a dietary essential for maintenance of the rat or pig. 
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The situation is complicated further by the fact that some amino acids can be re- 
placed, at least in part, by others; for example, methionine can be partly replaced 
by cystine, and tyrosine can partly replace phenylalanine. In such cases, the two 
amino acids are frequently considered together in assessing the animal’s require- 
ments. It is clear that no single figure for biological value will suffice as a measure 
of the nutritive value of a food protein for different animals and different func- 
tions. The differences between the amino acid requirements of young pigs and 
those of laying hens, for example, are shown in Appendix 2, Tables A2.9.1 and 
A2.10. The consequent need for multiple figures severely limits the use of the bio- 
logical value concept in feeding practice. 

The biological methods of evaluation reflect the content of the limiting amino 
acid in the protein. Changes in the levels of other amino acids will not affect the val- 
ues until one or other of them becomes limiting. Thus, in milk protein, with an excess 
of lysine, change in lysine content will not affect the biological measures until it is re- 
duced to such a level that it itself becomes the limiting acid. The biological measures 
are therefore of limited value in assessing the effects of certain processes, heat treat- 
ment for example, on nutritive value. 

Since biological value is dependent primarily upon essential amino acid consti- 
tution, it would seem logical to assess the nutritive value of a protein by deter- 
mining its essential amino acid constitution and then comparing this with the 
known amino acid requirements of a particular class of animal. Application of 
modern chromatographic techniques coupled with automated procedures allows 
relatively quick and convenient resolution of mixtures of amino acids. However, 
the acid hydrolysis used to produce such mixtures from protein destroys practi- 
cally all the tryptophan and a considerable proportion of the cystine and methio- 
nine. Tryptophan has to be released by a separate alkaline hydrolysis, and cystine 
and methionine have to be oxidised to cysteic acid and methionine sulphone to 
ensure their quantitative recovery. Losses of amino acids and the production of 
artefacts, which are greater with foods of high carbohydrate content, are reduced 
if the hydrolysis is carried out in vacuo. Evaluations of proteins in terms of each 
individual amino acid would be laborious and inconvenient, and several attempts 
have been made to state the results of amino acid analyses in a more useful and 
convenient form. 


Chemical score 


In this concept, it is considered that the quality of a protein is decided by the amino 
acid that is in greatest deficit when compared with a standard. The standard generally 
used has been egg protein, but many workers now use a defined amino acid mixture, 
the FAO Recommended Reference Amino Acid Pattern. The content of each of the 
essential amino acids of a protein is expressed as a proportion of that in the standard 
(the standard pattern ratio) and the lowest proportion taken as the score. In wheat 
protein, for example, the essential amino acid in greatest deficit is lysine. The con- 
tents of lysine in egg and wheat proteins are 72 g/kg and 27 g/kg, respectively, and 
the chemical score for wheat protein is therefore 27/72 = 0.37. Scores correlate well 
with biological values for rats and human beings, but not for poultry. They are useful 
for grouping proteins but suffer a serious disadvantage in that no account is taken of 
the deficiencies of acids other than that in greatest deficit. 


Measures of protein quality for monogastric animals 


The essential amino acid index (EAAI) 


This is the geometric mean of the egg, or standard pattern, ratios of the essential 
amino acids. It has the advantage of predicting the effect of supplementation in com- 
binations of proteins. On the other hand, it has the disadvantage that proteins of very 
different amino acid composition may have the same or a very similar index. 

Both the chemical score and the essential amino acid index are based upon gross 
amino acid composition. It would be more logical to use figures for the acids avail- 
able to the animal. Such figures may be obtained in several ways. Determinations of 
digestibility in vivo involve amino acid analyses of the food and faeces. The figures 
so obtained are suspect because the faeces contain varying amounts of amino acids 
not present in the food, mainly as a result of microbial activity in the large intestine. 
Thus, net synthesis of methionine and lysine has been shown to take place in the 
hind gut of the pig. On the other hand, cysteine, threonine and tryptophan disappear 
from the large intestine but make little or no contribution to the amino acid nutri- 
tion of the animal. This drawback may be overcome by determining apparent ileal 
digestibility, by measuring amino acids in the digesta at the terminal ileum instead of 
in the faeces. A more accurate estimate of the dietary amino acids absorbed is pro- 
vided if the contribution of amino acids of endogenous origin to those found at the 
terminal ileum is used in the calculation of truly digestible amino acids. Digestibility 
trials in vivo are laborious, time-consuming, require considerable technical resources 
and skill, and are expensive. Determinations in vitro involve the action of one or, at 
most, a few enzymes and are not strictly comparable with the action in vivo, which 
entails a series of enzymes. 


Biological assay of available amino acids 


The available amino acid content of a food protein may be assayed by measuring the 
liveweight gain, food conversion efficiency or nitrogen retention of animals given the 
intact protein as a supplement to a diet deficient in the particular amino acid under 
investigation. The chick is the usual experimental animal and the response to the test 
material is compared with the response to supplements of pure amino acids. The 
method has been used successfully for lysine, methionine and cystine but, in addi- 
tion to the usual disadvantages associated with biological methods - time, technical 
expertise and supply of suitable animals — there is the major problem of constructing 
diets deficient in specific amino acids but adequate in other respects. 


Microbiological assay of essential amino acids 


Certain microorganisms have amino acid requirements similar to those of higher an- 
imals and have been used for the evaluation of food proteins. The methods are based 
on measuring the growth of the microorganisms in culture media that include the 
protein under test. Best results have been obtained with Streptococcus zymogenes 
and Tetrahymena pyriformis. The former is used after an acid or enzymic prediges- 
tion of the food protein; estimates of the availability of lysine and methionine have 
agreed well with chick assays and measurements of NPU. T. pyriformis has intrinsic 
proteolytic activity and is used, for soluble proteins, without predigestion. An 
improved method, using predigestion with the enzyme pronase and measuring 
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response in terms of the tetrahymanol content of the culture medium, has given re- 
sults for available lysine, methionine and tryptophan that correlate well with those 
of biological assays. Tetrahymanol, the characteristic pentacyclic terpene synthesised 
by T. pyriformis, is determined by gas-liquid chromatography. 


Chemical methods 


It would be ideal if there were simple chemical procedures for determining the avail- 
ability of amino acids, the results of which correlated well with those of accepted 
biological methods. The most widely used method is that for FDNB-reactive lysine, 
which was originally proposed by K J Carpenter and has since undergone modifica- 
tion both by Carpenter and by other workers. The theoretical justification for the use 
of the method is that practically the only source of utilisable lysine in foods is that 
which has the epsilon-amino group free to react with various chemical reagents. The 
protein under test is allowed to react under alkaline conditions with fluoro-2,4-di- 
nitrobenzene (FDNB) to give DNP-lysine, the concentration of which can be meas- 
ured colorometrically. In practice, the method has been found to agree well with 
biological procedures for evaluating proteins as supplements to diets, such as those 
containing high proportions of cereals, in which lysine is limiting. The correlation has 
also been good with diets based largely on animal protein. With vegetable protein 
and diets containing high levels of carbohydrate, the method is not so satisfactory, 
the results being too low owing to destruction of the coloured lysine derivative dur- 
ing acid hydrolysis. Various methods have been proposed to counter this, but none 
has proved completely satisfactory. From the available evidence it seems clear that 
FDNB-available lysine overestimates the availability of the acid when applied to 
heat-treated meals, as illustrated in Table 13.6. 

The gross protein value is probably the most commonly used biological method for 
evaluating proteins. Gross protein values measure the ability of proteins to supple- 
ment diets consisting largely of cereals and they correlate well with FDNB-reactive 
lysine figures. 


Dye-binding methods 


These have been used widely for estimating protein in such foods as cereals and 
milk. The methods are rapid and give reproducible results, and attempts have been 
made to use them for measuring total basic amino acids and reactive lysine. The 


Table 13.6 Mean amounts of total lysine, FDNB-reactive lysine and truly digestible 
lysine in heat-treated meat and bone meals 


Sample 
1 2 3 4 5 6 
Total lysine (g/100 g) 2.65 2.59 2.82 2.73 3.89 2.68 
FDNB-available lysine 2.17 1.91 2.53 2.32 2.57 2.11 
(g/100 g) 
Ileal truly digestible lysine 1.72 1.75 1.93 1.97 2.88 2.03 
(g/100 g) 


Adapted from Moughan P J 1991. In: Haresign W and Cole D J A (eds) Recent Advances in Animal 
Nutrition, London, Butterworth-Heinemann. 
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Measures of food protein used in practice in the feeding of pigs and poultry 


latter requires blocking of the epsilon-amino group to prevent reaction with the dye. 
Orange G has been used, along with 2,4,6-trinitrobenzene sulphonic acid and propi- 
onic anhydride as blocking agents, and has proved effective for estimating the lysine 
content of cereals. It is less effective for fish and meat meals. 

The increased use of synthetic lysine in foods presents a further problem. This 
amino acid has both amino groups available for reaction with FDNB. The resulting 
compound is soluble in ether and is not estimated by the Carpenter method. 


Interpretation of amino acid assays 


Several factors may be responsible for a lack of agreement between estimates of pro- 
tein quality based on amino acid content and those made in animal experiments: 


Even small changes in the concentration of one or more amino acids may increase 
the amounts of others required to maintain growth rates. 

Certain acids, such as tryptophan and histidine, may be toxic, albeit at concentra- 
tions far greater than normally occur in food proteins. 

Antagonisms may exist between specific acids, which prejudice their utilisation. 
Thus, the addition of as little as 20 g/kg of leucine to a diet deficient in isoleucine 
may have deleterious effects on performance, and the arginine requirement of the 
rat may be increased by giving higher levels of lysine. 

Antinutritional factors (ANF) are frequently present in foods used primarily as 
protein sources. Chief among these are enzyme inhibitors, lectins, polyphenols 
and certain non-protein amino acids. All are capable of lowering the absorption 
and/or the utilisation of amino acids by the animal but are not taken into account 
in evaluations of protein sources based on amino acid content. The nature and 
mode of action of anti-nutritional factors is dealt with in Chapter 24 with partic- 
ular reference to their importance in individual foods. 

There is considerable evidence that growing animals, such as young rats and 
chicks, do not fulfil their growth potential if the dietary nitrogen is entirely in the 
form of essential amino acids. Additional nitrogen is required and is best supplied 
as a mixture of non-essential amino acids; glutamate, alanine and ammonium cit- 
rate are also effective sources. Allowance must be made for these factors when a 
protein source is being evaluated on the basis of its content of one or more essen- 
tial amino acids. 


MEASURES OF FOOD PROTEIN USED IN PRACTICE IN THE 
FEEDING OF PIGS AND POULTRY 


The difficulty of assessing the value of a dietary protein is reflected in the variety of 
methods that have been proposed, all of which have considerable limitations. A 
crude protein figure gives a measure of the total nitrogen content and is useful since 
the digestibility of the proteins in foods commonly given to pigs and poultry is fairly 
constant. This is not true for new or unusual sources of protein, and this approach is 
not a valid one. 

The quality of dietary protein is indicated by stating the contents of all of the 
essential amino acids or of those most likely to be in deficit. Practical pig and poul- 
try diets are based largely on cereals, and assessment of foods as sources of protein 
for such animals is a matter of measuring their ability to supplement the amino acid 
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deficiencies of the cereals. The main deficiencies in these cases are of lysine or methio- 
nine, and so the most useful measures of protein quality are those that reflect the avail- 
able lysine or methionine content of the food. The determination of available lysine is 
now accepted as a routine procedure for protein foods in many laboratories. 

Dietary protein for growing pigs can also be expressed in the form ol ideal pro- 
tein. This is a modification of the chemical score. If the main limiting amino acid is ly- 
sine at 50 g/kg CP, then if we use the recommended content of lysine in the ideal 
protein of 70 g/kg CP, the score would be 50/70 = 0.70 and the ideal protein con- 
tent would be 700 g/kg CP. A diet with 170 g/kg of this protein would then supply 
170 x 0.7 = 119 g ideal protein/kg. Requirements are usually stated in terms of ap- 
parently digested ideal protein (ADIP) and a digestibility of 0.75 is assumed in trans- 
forming the ideal protein supply to an ADIP supply. 

In the UK, the most recent method for describing amino acid requirements and 
dietary supply for pigs is standardised ileal digestible amino acids. The concept of 
standardised ilieal amino acids was described earlier on p. 306. This approach has 
the advantage over ideal protein by using ileal digestibility and therefore avoiding 
microbial amino acid production in the hind gut inherent in using whole-tract di- 
gestibility, and also accounting for basal endogenous amino acid loss. This approach 
also avoids the feed value reducing as amino acid intake declines. The standardised 
ileal digestible amino acid requirement is calculated in relation to lysine, with the 
balance of the other essential amino acids expressed for the processes of growth, 
pregnancy and lactation, as shown in Table 13.7. The balance of amino acids reflects 
differences in the composition of the proteins synthesised. In the case of lactating 
sows and young fast-growing pigs, the maintenance requirement is small in relation 
to the total, and the composition of the product (body and milk protein) will domi- 
nate the demand for amino acids. Consequently, for lactating sows, phenylalanine + 
tyrosine, leucine and valine are required in greater proportions, whereas pregnant 
sows have a relatively greater requirement for methionine + cystine. A value of 0.84 


Table 13.7 Recommended balance of amino acids in relation to lysine (= 1.00) 


Growing pigs Pregnant sows Lactating sows 

(10-120 kg) 
Lysine 1.00 1.00 1.00 
Methionine 0.30 0.37 0.30 
Methionine + cystine 0.59 0.65 0.55 
Threonine 0.65 0.71 0.66 
Tryptophan 0.19 0.20 0.18 
Isoleucine 0.58 0.70 0.60 
Leucine 1.00 1.00 1.12 
Histidine 0.34 0.33 0.40 
Phenylalanine 0.57 0.55 0.56 
Phenylalanine + tyrosine 1.00 1.00 1.14 
Valine 0.70 0.74 0.76 


A minimum requirement for non-essential amino acids is approximately 2.5 times the level 
(g/kg diet) of the sum of the 11 named essential amino acids. 


Adapted from British Society of Animal Science 2003 Nutrient Requirement Standards for Pigs, Penicuik, 
British Society of Animal Science. 
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Measures of food protein used in practice in the feeding of horses 


can be used to convert standarised ileal digestible lysine (g/day) to total dietary 
lysine (g/day). In theory this conversion factor is variable, but in practice it is as- 
sumed to be constant. As the standardised measure debits basal endogenous losses 
to the animals, feedstuffs are credited with a slightly higher (3—8 per cent) digestible 
amino acid content than previously uncorrected ileal digestibility values. Values for 
the standardised ileal digestibility of the essential amino acids in common pig feed 
ingredients are presented in Appendix 2. 

The concept of standardised ileal digestible amino acids makes no allowance for 
an excess of an individual amino acid, which, in certain circumstances, could be sub- 
stantial. It is usual therefore to limit the concentration of any one amino acid to less 
than 1.2 times that of the value presented in Table 13.7. It is also assumed in calcu- 
lating the requirement for standardised ileal digestible amino acids that the propor- 
tions of amino acids made available to the metabolic body pool are the same as 
those in the dietary protein. This will not be so if the acids are not digested or ab- 
sorbed to the same extent. 

For poultry, evaluation of protein sources is based upon the amounts of the three 
major limiting amino acids, lysine, methionine and tryptophan. It is generally as- 
sumed that diets adequate in these acids will automatically provide sufficient 
amounts of the others. As for pigs, dietary requirements and supply are based on 
standardised ileal digestibility (SID). This may be measured using precision-fed cae- 
cectomised adult cockerels or, more commonly, young broilers fed a diet that includes 
an indigestible marker. The concentration of the marker in the ileal digesta deter- 
mined following slaughter allows apparent ileal digestibility to be calculated, which is 
then corrected for basal amino acid flow from broilers fed a nitrogen-free diet. 


MEASURES OF FOOD PROTEIN USED IN PRACTICE IN THE 
FEEDING OF HORSES 


The digestion of protein within the horse occurs mainly in the fore gut through en- 
zymic digestion in the stomach and small intestine, as described in Chapter 8. Amino 
acids produced from microbial protein synthesis in the hind gut are not absorbed in 
sufficient quantities to provide any meaningful contribution to amino acid supply. 
For example, studies that have infused lysine into the hind gut have shown no effect 
on plasma lysine levels and there is no active absorption of amino acids in the large 
intestine. 

Within the horse, protein quality is predominately a function of the dietary amino 
acid profile and the digestibility of the protein source in the fore gut. Despite this, the 
rationing system used in the USA expresses dietary supply and requirements in rela- 
tion to dietary crude protein. This approach may be valid if the digestibility of the 
proteins in foods commonly given to horses is fairly constant, but it is questionable 
considering the range of protein content and quality present in many forages. Studies 
that have examined protein digestibility in horses have generally relied on apparent 
total tract digestibility and do not take into consideration endogenous secretions, 
which can vary between 3.5 mg and 5.8 mg N/g DM intake, or the contribution from 
microbial growth in the hind gut. True ileal digestibility values have been reported for 
hay, concentrates and mixed diets, and precaecal digestion of protein is approxi- 
mately 0.25-0.30 g/g in forages and 0.70-0.75 g/g in protein supplements. Values for 
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13.7 


forages will vary considerably, depending on species, stage of growth and proportion 
of non-protein nitrogen. Non-protein nitrogen sources such as urea, although di- 
gestible, do not contribute to amino acid supply and result in little or no nutri- 
tional benefit to the horse. Indeed, supplementation with urea results in an 
increase in blood ammonia, urea and excretion of urea in the urine, and can lead 
to ammonia toxicity. A more accurate estimate of dietary protein supply can be 
made by calculating the available protein (AP). The AP content of a feed (g/kg DM) 
is defined as the crude protein content (g/kg DM) minus the non-protein nitrogen 
content (g/kg DM multiplied by 6.25) minus the acid detergent insoluble nitrogen 
(ADIN, g/kg DM, multiplied by 6.25).The ADIN content represents the bound protein 
that is unavailable for digestion and absorption. There is a strong correlation (r? = 0.91) 
between AP and digestible protein, and AP is therefore a more useful mean of express- 
ing dietary supply. It is generally recommended for maintenance, pregnancy and 
growth that lysine contributes 0.043 of dietary crude protein content, but considering 
the differences in lysine requirements for different productive processes in the pig, it 
seems unlikely that a constant dietary lysine concentration should apply in horses. 

In France a more sophisticated system, the Horse Digestible Crude Protein sys- 
tem (Matiéres Azotées Digestible Cheval; MADC), is used. The system is based on 
the amino acid content of the feeds and whether they are digested in the small or 
large intestine. True nitrogen digestibility values in the small intestine are based on 
measurements made with ileal fistulated animals or from slaughter studies. The 
French system makes an assumption that microbial protein produced in the large in- 
testine can be absorbed, although values are less than 10-30 per cent of the nitrogen 
flowing to the small intestine. The amino acid supply to the horse is then the sum of 
that truly digested in the small intestine and that digested in the large intestine. Al- 
ternatively, the MADC content of a feed can be estimated by multiplying the appar- 
ent digestible crude protein content by 1.0 for concentrates, by 0.90 for green 
forages, by 0.85 for dried hays, by 0.80 for straw and by 0.70 for good-quality grass 
silage. In Holland and Germany apparent digestible crude protein is used. 


MEASURES OF PROTEIN QUALITY FOR RUMINANT ANIMALS 


Traditionally, proteins in foods for ruminant animals have been evaluated in terms of 
crude protein (CP) or digestible crude protein (DCP). Realisation that the crude pro- 
tein fraction contained variable amounts of non-protein nitrogen led to the use of 
true protein instead of crude protein, but this was unsatisfactory since no allowance 
was made for the nutritive value of the non-protein nitrogen fraction. The concept of 
protein equivalent (PE), introduced in 1925 but now no longer used in this context, 
was an attempt to overcome this difficulty by allowing the non-protein nitrogen frac- 
tion half the nutritive value of the true protein. The term ‘protein equivalent’ is cur- 
rently used in connection with foods containing urea. Such foods must by law be 
sold with a statement of their content of protein equivalent of urea; this means the 
amount of urea nitrogen multiplied by 6.25. 

The use of DCP for evaluating food proteins for ruminants has been largely aban- 
doned. This resulted from a growing awareness of the extensive degradative and 
synthetic activities of the microorganisms of the rumen (see Chapter 8). Rumen 
microorganisms are responsible for providing the major part of the energy require- 
ments of the host animal by transforming dietary carbohydrates to acetate, propionate 


Measures of protein quality for ruminant animals 


and butyrate. In order to do this and to exploit the energy potential of the food fully, 
they must grow and multiply, and this involves large-scale synthesis of microbial pro- 
tein.The nitrogen for this is obtained, in the form of amino acids, peptides and ammo- 
nia, by breakdown of the nitrogen fraction of the food. Bacteria acting on the 
structural carbohydrate (SC) fraction of the diet use only ammonia, whereas those act- 
ing on the non-structural fraction (NSC) derive about 65 per cent of their nitrogen 
from amino acids and peptides, and the remainder from ammonia. 

The microbial protein passes from the rumen and is digested in the small intes- 
tine, and so makes a contribution to satisfying the amino acid requirements of the 
host animal. The magnitude of this contribution depends upon the speed and extent 
of microbial breakdown of the dietary nitrogen fraction, the efficiency of the trans- 
formation of the degraded material into microbial protein (nitrogenous compounds), 
the digestibility of the microbial protein and the biological value of the latter. 

The degradative and synthetic processes taking place in the rumen are of major 
importance in the nitrogen economy ol the host animal since they determine the na- 
ture of the amino acid mix made available for protein synthesis at tissue level. The 
series of changes undergone by dietary protein between mouth and body tissue in 
the ruminant animal is illustrated schematically in Fig. 13.2. 
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Fig. 13.2 Fate of dietary crude protein in the ruminant animal. 
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Satisfying the demands of the rumen microorganisms for readily available nitro- 
gen is a major function of the diet, and to this end a certain proportion of the nitro- 
gen fraction must be degradable by the rumen microorganisms. 

Current systems for the evaluation of food protein for ruminant animals involve 
determinations of the degradability of protein in the rumen, the synthesis of micro- 
bial protein, the digestion in the lower gut of both food and microbial proteins, and 
the efficiency of utilisation of absorbed amino acids. The methods used to determine 
these components of the system are described next, after which their use in the sys- 
tems will be illustrated. 


Degradability of the nitrogen fraction of the diet 


Nitrogen fractions within the diet will vary in their susceptibility to breakdown, 
from immediately degraded to undegradable, and from 0 to 1 in the extent to which 
they are degraded in the rumen and digested when they reach the small intestine 
(see Table 13.8). 

Degradability will be affected by such factors as the surface area available for mi- 
crobial attack and the protective action of other constituents as well as the physical 
and chemical nature of the protein. Claims have been made that the solubility of a 
protein is correlated with ease of breakdown, but these do not survive critical exam- 
ination. Thus, casein, which is readily degraded in the rumen, is not readily soluble; 
whereas albumin, which is resistant to breakdown, is readily soluble. It has been sug- 
gested that a major factor affecting degradability is the amino acid sequence within 
the protein molecule. If this is so, then the nature of the microbially produced rumen 
peptidases is of considerable importance and it seems doubtful whether any simple 
laboratory test for degradability is possible. 

The extent to which a nitrogen fraction is degraded in the rumen will depend 
upon its innate degradability and the time it spends in the rumen, i.e. rate of passage. 
As the rate of passage increases, so the extent of ruminal breakdown is reduced. 


Measurement of degradability in vivo 


This involves the measurement of dietary nitrogen intake, the endogenous nitrogen 
(EN), the non-ammonia nitrogen (NAN) and the microbial nitrogen (MN) of dietary 


Table 13.8 Composition, rumen degradation and intestinal digestion of protein fractions 


Fraction Composition Rumen degradation Intestinal 
(%/hour) digestibility (%) 

A Ammonia, nitrate, amino Instantaneous None reaches intestine 
acids, peptides 

B1 Globulins, some albumins 200-300 100 

B2 Most albumins, glutelins 5-15 100 

B3 Prolamins, cell-wall proteins, 0.1-1.5 80 
denatured proteins 

C Maillard products, nitrogen bound 0 0 


to lignin, tannin-bound protein 


Adapted from Chalupa W and Sniffen C J 1994. In: Garnsworthy P C and Cole D J A (eds) Recent Advances in Animal Nutrition, 
Nottingham, University of Nottingham Press. 
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origin passing the duodenum. Degradability (Dg) of nitrogen is then expressed as 
follows: 


NAN — (MN + EN) 
dietary N intake 


Dg = 1 


This method requires accurate measurement of duodenal flow and microbial and 
endogenous nitrogen. The flow measurement, which usually requires the use of a 
dual-phase marker system, has a large coefficient of variation (between animals), 
and many published values must be suspect owing to the small number of animals 
used in their determination. Microbial nitrogen in duodenal nitrogen is usually iden- 
tified by means of marker substances such as diaminopimelic acid (DAPA), 
aminoethylphosphoric acid (AEPA), ribonucleic acid and amino acids labelled with 
35S, 32P and SN. The concentration of marker in the microorganisms is measured in 
a sample of rumen fluid. Different markers may give results that vary widely, some- 
times by as much as 100 per cent. The assumption that the microorganisms isolated 
from rumen fluid are representative of those flowing to the duodenum is of doubtful 
validity, since the latter include organisms normally adherent to food particles 
and/or the rumen epithelium. The endogenous fraction constitutes about 50-200 g/kg 
of the duodenal nitrogen but is difficult to quantify. A value of 150 g/kg is frequently 
assumed. Measurements of degradability are thus subject to possible errors owing to 
uncertainties in measuring duodenal flow and microbial and endogenous nitrogen, 
and are affected by dietary considerations such as the level of feeding and the size 
and frequency of meals. It has been calculated that estimates of degradability may 
vary over a range of 0.3-0.35 owing to errors of determination alone. Despite its in- 
adequacies, this technique remains the only method currently available for provid- 
ing an absolute measure of protein degradability and is the standard against which 
other methods have to be assessed. 


Determination of degradability in sacco (or in situ) 

This involves incubation of the food in synthetic fibre bags suspended in the rumen, 
as described in Chapter 10. The degradability is calculated as the difference between 
the nitrogen initially present in the bag and that present after incubation, stated as a 
proportion of the initial nitrogen: 


initial N — N after incubation 
initial N 


Degradability = 


When protein disappearance (p) is regressed on time, p increases but at a reducing 
rate. The relationship may be described by an equation of the following form: 


p=a+bd-e“%) 


in which a, b and c are constants that may be fitted by an iterative least-squares pro- 
cedure. The relationship is illustrated in Fig. 13.3. 

In Fig. 13.3, a is the intercept on the y-axis and represents degradability at zero 
time. It is the part of the protein that is water-soluble and that is considered to be im- 
mediately degradable; b is the difference between a and the asymptote and repre- 
sents the part of the protein that is degraded more slowly; c is the rate of 
disappearance of the potentially degradable fraction b, and t is the time of exposure. 
The extent of protein breakdown will depend upon the time for which the protein 
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Fig. 13.3 Relationship of protein disappearance to time of incubation. 


remains in the rumen (i.e. upon its rate of passage through the rumen). The effective 
degradability P may then be defined as follows: 


P =a + [bc/(c + r)][1 e etry 


in which r is the rate of passage from the rumen to the abomasum (see p. 325). As 
the time of incubation increases, so the fraction of the protein remaining in the 
rumen falls to zero, as does the rate of breakdown, and P may then be defined as 
follows: 


P=at be/(c + r) 


In this equation, a is the immediately degradable protein and bc/(c + r) is the 
slowly degradable fraction. 

If we assume a rate of passage of 0.05, with a = 0.30, b = 0.70 and c = 0.02, then 
the effective degradability would be 0.3 + 0.7 x 0.02/(0.02 + 0.05) = 0.50. The 
protein available to the rumen microorganisms would then be 0.50 x CP. 

The technique is subject to several inherent sources of error, which must be con- 
trolled if reproducible results are to be obtained. Chief of these are sample size, bag 
size, porosity of the bag material and treatment of the bags following removal from 
the rumen. Ring tests (i.e. tests carried out at several laboratories) have shown unac- 
ceptably high interlaboratory variability, indicating a need for strictly defined stan- 
dard procedures that have to be adhered to rigidly if the results are to be universally 
applied in practice. A standardised procedure is given in the document Agricultural 
and Food Research Council (1992) Technical Committee on Responses to Nutrients 
Report No. 9, Nutrient Requirements of Ruminant Animals: Protein. 

A basic assumption of this method is that disappearance of nitrogen from the 
bag, virtually reflecting solubility in rumen fluid, is synonymous with degradability. 
It has been known for some time that small amounts of food protein that are solu- 
bilised may leave the rumen without being degraded, and this must cast doubt on 
the veracity of values obtained using the technique. Even more serious in this con- 
text is the recent observation that acid detergent insoluble nitrogen (ADIN), known 
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to be undegradable, may disappear during incubation. A further complication is the 
presence in the bags of rumen bacteria, which contribute to the nitrogen of the con- 
tents. The error attributable to microbial attachment can be corrected for by 
analysing the bag residues for a microbial marker, but this is expensive and time- 
consuming and seldom conducted. The effects of microbial attachment are greatest 
in feeds with a high fibre content and low nitrogen content. 


Laboratory procedures for determining nitrogen degradability 
Solubility in buffer solutions 


Significant correlations have been demonstrated between the degradability values for 
the nitrogen fractions of foods and their solubility characteristics in a range of buffer 
solutions, including McDougall artificial saliva, borate-phosphate buffer and Wise 
Burroughs’s buffer. When the methods are used for a range of foods, errors of predic- 
tion may be high, but within food types predictions are improved sufficiently to allow 
the use of buffer solubility in the routine monitoring of concentrate foods. 

When used in conjunction with methods for the fractionation of dietary nitrogen 
to predict degradability, solubility in buffer solution has shown good correlation with 
figures based on enzyme solubility (see below). 


Solubility in enzyme solutions 


Solubilisation of protein by purified enzymes from fungi and bacteria has been 
widely investigated as a means of estimating degradability. Different proteases have 
given varying results when compared with the in sacco technique. This is not unex- 
pected in view of the fact that a single enzyme is being used to simulate the action 
of the complex multienzyme system of the rumen. As with the buffer solutions, ac- 
curacy of prediction is poor over a range of foods but improves when the technique 
is applied within food types. The most promising enzyme sources have been 
Streptococcus griseus, Streptococcus bovis, Bacteroides amylophilus and 
Butyrovibrio strain 7. Streptococcus griseus protease is the preferred source of en- 
zyme for estimating degradability in the French protein digested in the intestine 
(PDI) system. The method used incorporates corrections for different food types, and 
the regression equation of degradability in sacco on enzyme solubility has a quoted 
residual standard deviation (rsd) of 0.025. Thus, estimates of degradability could be 
expected to be within + 0.05 of the in sacco value on 95 per cent of occasions. 


Chemical analysis 


A number of workers have shown significant correlations between crude protein 
content and degradability, reflecting the decreased proportion of the nitrogen frac- 
tion bound to fibre with increasing nitrogen content. The following equation for pre- 
dicting the nitrogen degradability of grasses has been claimed to have an acceptable 
error of prediction: 


Dg = (0.9 — 2.4r)(CP — 0.059NDF)/CP 


where Dg is degradability, CP and NDF are as g/kg and r is the outflow rate per hour. 
In the Cornell net protein and carbohydrate system, food protein is separated 

into fractions based on a combination of borate-phosphate extractions and the 

detergent system of carbohydrate analysis of Goering and Van Soest (Fig. 13.4). 
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Total nitrogen 


Borate Neutral- Acid- 
buffer detergent detergent 
solution solution solution 
Soluble Insoluble Soluble Insoluble Soluble Insoluble 
A A A 
B1 B1 B1 
B2 B2 B2 
B3 B3 B3 
(€ (ë C 


A=soluble in buffer; B1=soluble in buffer and precipitated by trichloracetic acid; 

B2=insoluble in buffer but soluble in neutral- and acid-detergent solutions; 

B3=insoluble in buffer, insoluble in neutral-detergent solution but soluble 

in acid-detergent solution; C=insoluble in buffer and both neutral- and acid-detergent solutions. 


Fig. 13.4 Partitioning of dietary protein. 


From Chalupa W and Sniffen C J 1994. In: Garnsworthy P C and Cole D J A (eds) Recent Advances in Animal 
Nutrition, Nottingham, University of Nottingham Press. 


The protein is then allocated a degradability value based on the proportions of 
the various fractions present and their enzyme-determined degradability values (see 
Table 13.8). 


Near-infrared reflectance spectroscopy 


Near-infrared reflectance spectroscopy (NIRS) measurements reflect the types and 
proportions of organic structures within a material. As such, they are used widely for 
the routine analysis of foods and their nutritional evaluation (see Chapter 1). The 
technique might therefore be expected to provide a solution to the problem of deter- 
mining degradability. Current indications are that NIRS has the ability to estimate ni- 
trogen degradability with a high degree of precision and considerable accuracy, with 
R? values of 0.80-0.87 being claimed. 


In vitro rumen fermentation techniques 


In vitro techniques mimic rumen fermentation by incubating a test protein with 
rumen fluid. In order to improve repeatability and reproducibility, most techniques 
have been standardised. Systems can be either a simple batch system that measures 
the volume or pressure of gas produced as an indicator of microbial activity, or a 
more sophisticated continuous culture system, with the most developed being the 
Rusitec or dual-phase continuous culture system. In general, in vitro measures of 
rumen degradation are less time-consuming and expensive than in vivo measure- 
ments, but they are limited by their inability to recycle nitrogen to the rumen 
microorganisms. They also need a source of rumen fluid to start the culture and 
require the use of microbial markers with their inherent limitations, as described 
earlier. End-product inhibition of batch cultures may cause severe deviations from 
the digestive process occurring in vivo. 
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Rate of passage (r) 


The extent to which a protein is broken down in the rumen depends not only on its 
innate degradability but also upon the length of time for which it is exposed to 
breakdown and therefore upon its rate of passage through the rumen. It may be de- 
fined as follows: 


Dg = Kd/(Kd + r) 


where Dg = rumen degradability, Kd = rate of digestion and r = rate of passage. 
The rate of passage of food from the rumen is affected by a complex of food and 
animal factors. Passage is faster for: 


smaller particles; 

particles of higher density; 
more highly hydrated particles; 
more highly digested particles. 


Passage will thus increase as digestion and rumination proceeds. 
Rate of passage increases with increased dry matter intake and is thereby affected 
by a number of animal and environmental factors: 


Advancing pregnancy limits rumen fill and increases rate of passage. 
Lactation increases intake and rate of passage. 

Excessive body condition can reduce intake and rate of passage. 
High environmental temperatures will reduce intake and throughput. 


The value for r may be determined by treatment of the protein with dichromate. 
The treatment renders the protein completely indigestible, there is no loss of 
chromium from the protein subsequent to treatment, and particle size distribution is 
not affected. The rate of dilution of chromium in samples of rumen contents taken 
over a period of time (see Chapter 8) can therefore provide an estimate of the rate of 
passage of the protein from the rumen. 


Efficiency of nitrogen capture 


The efficiency with which nitrogen is captured by the microorganisms of the rumen de- 
pends not only upon the speed and extent of breakdown but also upon the synchro- 
nous provision of a readily available, utilisable source of energy to fuel the synthesis of 
microbial protein. Failure to achieve this balance can result in too rapid and extensive 
a breakdown, and the synthetic powers of the rumen microorganisms may be over- 
whelmed. Wastage may then occur, since the excess ammonia is absorbed and largely 
excreted as urea; some, however, is recycled via the rumen wall and contributes fur- 
ther to the nitrogen economy of the rumen. The extent of recycling has been estimated 
as about 70 per cent of nitrogen intake for diets of low protein content (about 50 g/kg) 
and as little as 11 per cent for foods with about 200 g/kg. The extent of recycling in a 
particular situation may be calculated using the following equation: 


Y = 121.7 — 12.01X + 0.3235X2 


where Y = recycled urea nitrogen as a percentage of nitrogen intake and X = per 
cent crude protein in dry matter. 
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The part of the food crude protein that is immediately degradable is unlikely to be 
as effective a source of nitrogen for the microorganisms as that which is more slowly 
degraded. It is generally considered that the slowly degraded nitrogen fraction is in- 
corporated into microbial protein with an efficiency of 1.0, whereas that immediately 
degraded is used less efficiently. Estimates of the efficiency with which immediately 
degraded protein is incorporated vary, but 0.8 is a commonly used figure. 


Yield of microbial protein 


The yield of microbial protein that becomes available for digestion and absorption 
post-ruminally by the host has been related to the energy of the diet stated in terms 
of digestible organic matter (DOM), digestible organic matter digested in the rumen 
(DOMADR), total digestible nutrients (TDN), metabolisable energy (ME), fer- 
mentable organic matter (FOM), fermentable metabolisable energy (FME), rumen- 
degradable carbohydrate and rumen-degradable dry matter. The last four eliminate 
products of fermentation and fat, neither of which is considered to provide energy 
that can be utilised by the rumen microorganisms. The energy of fermentation prod- 
ucts is significant in the case of silages and some distillery and brewery by-products. 
Hays are not considered to have undergone fermentation, though they often 
contain measurable amounts of fermentation acids such as acetic and propionic acid. 
The routine measurement of the contribution of fermentation products to metabolis- 
able energy in individual foods has not been a feasible proposition, and assumed 
values are commonly used. The validity of such values is questionable in view of the 
variation in the magnitude and diversity of the fermentation products in individual 
foods. 

A simple relationship between available energy and microbial protein yield can- 
not reflect the true position. It takes no account of the following: 


The maintenance requirement of the microorganisms, which has been estimated 
to vary from 0.022 g to 0.187 g carbohydrate/g bacteria per hour: when fermen- 
tation is slow, as with diets rich in structural carbohydrate, maintenance costs may 
be significant and estimates of microbial yield may be exaggerated. 

The rumen environment: lowering the rumen pH from 6.7 to 5.7 has been shown 
to halve microbial protein production, which may be significant when diets are 
rich in soluble carbohydrate and low in fibre, with consequent production of lac- 
tic acid and ruminal acidosis. 

Variation in the form of nitrogen required by the different types of microorgan- 
ism: thus, the organisms splitting non-structural carbohydrates (NSC) are able to 
utilise peptide nitrogen and ammonia, whereas those splitting structural carbohy- 
drates are unable to use amino nitrogen and have to rely on ammonia as their 
source of nitrogen. It has been shown that the yield of NSC-splitting bacteria is 
increased by almost 20 per cent when the proportion of peptides in the total 
NSC + peptides increases from 0 per cent to 14 per cent. Above 14 per cent there 
is no further increase in yield. 


The relationships used in predicting microbial protein from fermentable energy 
have high standard errors of estimate and should be used with caution. In addition, 
such relationships may be used to calculate yields of microbial protein only when 
the supply of energy is limiting. When the supply of protein to the microorganisms is 
limiting, this will determine the yield of microbial protein. 
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Sophisticated models attempt to relate microbial yield to the rate of carbohydrate 
fermentation and rate of passage, the theoretical growth rate, the energy cost of bacter- 
ial maintenance and the form of nitrogen available to the rumen microorganisms. Many 
of the relationships involved in such calculations are based on laboratory characterisa- 
tion of the food, and the value of the model will depend on the validity of the relation- 
ships between the laboratory determinations and the values used in the models. 


True digestibility of protein 


The microbial protein synthesised in the rumen may be protozoal or bacterial, the 
relative proportions depending upon conditions within that organ. Thus, low rumen 
pH tends to reduce protozoal activity and stimulate that of certain bacteria. The mix- 
ture of bacterial and protozoal protein, along with dietary protein not degraded in 
the rumen, passes to the abomasum and small intestine. Here, it is broken down to 
amino acids, which are then absorbed into the body. The digestibility of bacterial 
protein is lower (about 0.75) than that of the protozoal (about 0.90), and the overall 
digestibility of microbial protein will depend to some extent upon the rumen envi- 
ronment. However, protozoal protein constitutes only 5-15 per cent of the total 
microbial protein flow from the rumen, and its influence on the overall digestibility 
of microbial protein will be small. The composition of bacteria is variable, but that 
shown in Table 13.9 is an acceptable approximation. 

About 15 per cent of the total nitrogen is in the form of nucleic acids, about 
25 per cent is cell wall protein and the remainder is true protein. Available evidence 
indicates that the digestibility of nucleic acid nitrogen is of the order of 0.8-0.9, and 
that of microbial true protein 0.85-0.9. It is commonly assumed that the protein 
associated with the cell walls is completely indigestible. Most estimates of the true 
digestibility of microbial protein are of the order of 0.85-0.87, which is higher than 
might be expected in view of the proportions of the fractions present in the protein. 
Although nucleic acids are highly digestible, their nitrogen is of no use to the animal, 
because after absorption it is totally excreted in the urine. Measurement of these 
breakdown products in the urine (particularly derivatives from purine-based nucleic 
acids) can be used to determine the extent of microbial growth in the rumen. The 
measurement of urinary purine derivatives avoids the need for surgically modified 
animals and has been shown to correlate well with other measures of microbial pro- 
tein synthesis in the rumen. However, the output of purine derivatives in urine has 
been shown to vary considerably throughout the day, requiring all of the urine to be 
collected. Attempts to relate microbial protein synthesis in the rumen to milk purine 
derivative levels have been unsuccessful. 


Table 13.9 Composition of rumen bacteria 


g/kg dry matter 


Crude protein 625 
True protein 375 
Cell wall protein 155 
Nucleic acid (nitrogen X 6.25) 95 
Carbohydrate 210 
Fat 120 
Ash 45 
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The digestibility of the undegraded dietary protein is a characteristic of the pro- 
tein mix in the food and may vary considerably from diet to diet. The true digestibil- 
ity of the undegraded dietary protein will vary with the proportion of the various 
protein fractions present. Thus, amino acids, peptides, globulins, albumins and 
glutelins will be almost completely digested; prolamins, proteins associated with the 
cell walls and denatured proteins will have digestibility values of about 0.8; the pro- 
tein of Maillard products and nitrogen bound to lignin will be completely indi- 
gestible. Some estimates of the true digestibility values of the various protein 
fractions are shown in Table 13.8. 

Digestibility has been shown to be related inversely to the content of acid deter- 
gent insoluble nitrogen (ADIN), which reflects the part of the food nitrogen that is 
bound closely to insoluble fibre. The digestible undegradable protein content (DUP) 
of a food is calculated thus: 


DUP = 0.9 (undegradable protein — ADIN X 6.25) 


This equation is based on the assumptions that ADIN is indigestible and that the di- 
gestible fraction has a true digestibility of 0.9. 

In the case of foods such as maize gluten and some distillery and brewery by- 
products, which have been heat treated under moist conditions, Maillard-type reac- 
tions (see Chapter 4) may occur, resulting in an increase in the concentration of 
nitrogenous compounds insoluble in acid detergent. Such ‘acquired ADIN’ does have 
a finite although low digestibility, and the above equation is unreliable when used for 
such foods. The use of ADIN is also limited in feeds with a high tannin content, as 
tannins bind protein in the gut, resulting in a greater output in the faeces than intake. 
Other methods that have been used to estimate the digestibility of undegradable 
protein in the small intestine include in vitro incubation with acid followed by pro- 
teases, and the insertion of mobile synthetic fibre bags containing previously rumi- 
nally degraded feed into the small intestine of cannulated animals, and recovery 
from an ileal cannula or faeces. The difference between the protein inserted into the 
bag and recovered at the terminal ileum provides an estimate of true digestion of un- 
degraded protein in the small intestine. 


Efficiency of utilisation of absorbed amino acids 


The mixture of amino acids of dietary origin absorbed from the small intestine (i.e. 
the truly digested amino acids) is utilised for the synthesis of tissue protein. The effi- 
ciency of this process, which depends upon the composition of the mix relative to 
that of the protein to be synthesised, is best represented by its true biological value. 
This will in turn depend upon the biological values of the digested undegraded 
dietary protein and the digested microbial protein, and upon the relative proportions 
of each contributing to the mix. In addition, it will vary with the primary function 
for which it is required. Microbial protein is thought to have a relatively constant 
biological value of about 0.8, whereas that of dietary origin will be variable and 
characteristic of the foods making up the diet. Prediction of such dietary values is 
extremely difficult, since the biological values of the individual proteins are no guide 
to their value in combinations. The variability of estimates with which truly di- 
gestible true protein presented for absorption is used for various functions is illus- 
trated in Table 13.10. 
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Table 13.10 Comparison of estimates of the efficiency of utilisation of truly 
digested true protein made in some protein evaluation systems for ruminants 


System Maintenance Lactation Growth Wool/hair 
PDI 0.64 0.28-0.68 

CPFD 0.80 0.80 0.80 

DVE 0.67 0.64 

AAT-PBV 0.75 

AP 0.67 0.67 0.50 

ADPLS 0.70 0.70 0.70 0.60 
CNCPS 0.67 0.65 0.41-0.75 


PDI = the French protein digested in the intestine system; CPFD = the German crude protein 
flow at duodenum system; DVE = the Dutch digestible protein in the intestine system; AAT- 
PBV = the Nordic system; AP = the American absorbed true protein system; ADPLS = the 
Australian apparently digested protein leaving the stomach system; CNCPS = the Cornell net 
protein and carbohydrate system. 


The Agricultural and Food Research Council, in its 1992 publication (see Further 
reading), describes the efficiency of utilisation of truly digested true protein in terms 
of the limiting efficiency of use of an ideally balanced amino acid mixture (kaai), 
taken as 0.85 under most conditions and 1.0 for maintenance. Relative values (RV) 
were then proposed for different functions: 


Growth 0.7 
Pregnancy 1.0 
Lactation 0.8 
Wool growth 0.3 


The two factors were then combined to give the following working values (k,): 


Maintenance knm = 1.00 
Growth kng = 0.59 
Pregnancy knc = 0.85 
Lactation ky = 0.68 
Wool growth knw = 0.26 


An alternative approach is to estimate the supply of essential amino acids made 
available to the tissues (i.e. those absorbed from the small intestine) and to relate 
this to the amino acid requirements of the animal. This approach needs information 
on the truly digestible amino acid content of the undegraded dietary and the micro- 
bial protein. 

The essential amino acid content of ruminal microbial protein is frequently 
claimed to be relatively constant. In fact, large differences in the amino acid compo- 
sition of samples of microbial protein have been shown to exist. Some figures, based 
on 441 samples from 35 experiments covering 61 diets, are given in Table 13.11. 

There is evidence that the essential amino acid composition of undegradable 
dietary protein may differ significantly from that of the original dietary material, and 
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Table 13.11 Amino acid composition of ruminal bacteria (g/100 g of amino acids) 


Amino acid 


Arginine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Valine 
Alanine 
Aspartic acid 
Glutamic acid 
Glycine 
Proline 
Serine 
Tyrosine 


Mean 


5.1 
2.0 
I. 
8.1 
7.9 
2.6 
5.1 
5.8 
6.2 
7.5 
12.2 
13.1 
5.8 
3.7 
4.6 
4.9 


Minimum 


3.8 
1.2 
4.6 
5.3 
4.9 
1.1 
4.4 
5.0 
4.7 
5.0 


10.9 
11.6 


5.0 
2.4 
3.4 
3.9 


Maximum 


6.8 
3.6 
6.7 
9.7 
9.5 
4.9 
6.3 
7.8 
7.6 
8.6 
13.5 
14.4 
7.6 
5.3 
5.4 
7.7 


Standard 
deviation 


0.7 
0.4 
0.4 
0.8 
0.9 
0.7 
0.3 
0.5 
0.6 
0.6 
0.6 
0.7 
0.5 
0.5 
0.4 
0.6 


Coefficient of 
variation (%) 


13.2 
21.3 
7.4 
10.3 
11.9 
25.6 
6.4 
8.9 
10.1 
7.3 
4.8 
5.3 
8.2 
13.2 
8.9 
13.2 


From Clark J H, Klusmeyer T H and Cameron M R 1992 Journal of Dairy Science 75: 2304-23. 


it has been suggested that estimates of its contribution to the amino acid supply 
should be based on the amino acid profile of the insoluble fraction of the dietary 
protein rather than that of the whole dietary protein. A comparison of the essential 
amino acid profiles of whole and insoluble proteins in some common foods is shown 


in Table 13.12. 


Table 13.12 Amino acid composition of whole and insoluble protein in some 
common foods (g/100 g protein) 


Dried brewer's Soyabean Maize Timothy 
Maize grains meal silage hay 

A B A B A B A B A B 
Methionine 1.6 1.4 14 0.6 10 0.8 0.9 0.9 07 0.9 
Lysine 2.2 1.7 21 2.1 52 66 1.8 2.2 29 2.8 
Histidine 2.2 1.9 17 1. 17 13 0.9 0.9 11 1.1 
Phenylalanine 4.2 4.5 44 3.9 41 339 3.0 31 34 3.4 
Threonine 2.7 2.7 26 2.3 30 30 2.4 2.2 29 2.8 
Leucine 10.3 11.6 81 6.8 62 62 6.5 6.9 52 5. 
Isoleucine 3.4 2.9 38 3.2 44 43 2.8 2.5 34 2.8 
Valine 3.5 3.9 38 3.6 34 38 3.7 3.5 35 3. 
Arginine 3.7 2.7 3.6 3.0 60 78 1.7 2.2 32 3.0 


A is dietary protein. B is insoluble protein (aa in whole protein — aa in buffer-soluble protein — 
aa in cell wall protein). 


After Muscato T V, Sniffen C J, Krishnamoorthy U and Van Soest P J 1983 Journal of Dairy Science 66: 


2198-207. 
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The UK metabolisable protein system 


A measure of the effect of assuming one or other of the measures of amino acid 
composition can be gained if we consider the following daily ration: 


DM (kg) CP (g) Methionine (g) Lysine (g) 

A B A B 
Maize silage 10.0 1100 9.9 9.9 19.8 24.2 
Maize 5.0 490 7.8 6.9 10.8 8.3 
Soya bean meal 3.0 1509 15.1 12.0 78.4 99.5 
Total 18.0 3099 32.8 28.8 109.0 132.0 

B as per cent of A 88 121 


A is calculated by assuming the amino acid composition of the whole protein. B is calculated 
by assuming the composition of the insoluble available fraction. 


Amino acids are usually considered to have the same true digestibility as true 
protein, but there is evidence that the efficiency with which individual amino acids 
are metabolised will vary with the biological value of the protein and the amino acid 
supply relative to requirement. 

A system for the quantitative nutrition of ruminant animals should embody the 
processes described, which requires that factors such as degradability, efficiency of 
nitrogen capture, microbial protein yield, digestibility of microbial protein, digestibility 
of dietary undegraded protein and the true biological value of the absorbed nitrogen 
or its essential amino acid content be quantified. 


THE UK METABOLISABLE PROTEIN SYSTEM 


The system is fully described in the 1992 report of the Agricultural and Food Research 
Council’s Technical Committee on Responses to Nutrients (see Further reading). 

The microbial demand for protein is stated in terms of effective rumen-degradable 
protein (ERDP) and foods have to be evaluated in the same terms. The ERDP of a 
food is calculated as follows: 


ERDP = CP X [0.84 + bc/(c + r)] 


where a, b and c are the fitted parameters derived from the determination in sacco 
of the degradability of the food, 0.8 is the efficiency of capture of the nitrogen of the 
readily degradable fraction, and r is the outflow rate and is varied as follows: 


Animal r 
Cattle and sheep at low planes of nutrition 0.02 
Calves, beef cattle, sheep and dairy cows (up to twice 0.05 


the maintenance level of feeding) 
Dairy cows yielding more than 15 kg of milk per day 0.08 


Alternatively, the following equation may be used for calculating r for levels of 
feeding (L) as multiples of ME for maintenance: 


r = —0.02 + 0.14(1 — e 4) 
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Account is thus taken of the differential capture of rapidly and slowly degradable 
proteins and the rate of passage through the rumen. 

The demand for amino acids at tissue level is quantified in terms of truly di- 
gestible protein required to be absorbed from the small intestine and designated 
‘metabolisable protein’ (MP), as described in Chapters 14-16. 

Microbial protein contributes towards satisfying this demand. The yield of micro- 
bial crude protein is related to the energy available to the rumen microorganisms in 
terms of fermentable metabolisable energy: 


FME = ME — ME, — MEferm 


ME‘erm is assumed to be 0.1 ME for silages and 0.05 ME for brewery and distillery 
by-products, and ME; is 35 MJ/kg. The assumption made here for silage must be 
suspect. The major fermentation product in well-made silages is lactate, and there is 
evidence that several rumen bacteria, notably Megasphaera elsdenii (see Table 8.3 in 
Chapter 8), are able to utilise lactate with the production of propionate. The micro- 
bial crude protein yield (g) is calculated as follows: 


FME (MJ) y 
where y = 9 at maintenance, 10 for growth and 11 for lactation; or alternatively: 
y=7+ 6( — e 0355 


The proportion of the microbial crude protein present as true protein is assumed 
to be 0.75 and the true digestibility to be 0.85, and the contribution of microbial 
protein (DMP) to the truly absorbed amino acids is: 


DMP (g/kg DM) = FME (y X 0.75 x 0.85) = 0.6375(FMEy) 


When this contribution is taken into account, there remains a residual metabolis- 
able protein requirement, which may be calculated as MP — DMP and which has to 
be satisfied by the truly digestible undegraded protein of the diet. The true digestibil- 
ity of dietary undegraded protein is calculated on the assumption that the ADIN 
content is indigestible and that the remainder has a true digestibility of 0.9. The truly 
digestible undegraded true protein (DUP) is then: 


DUP = 0.9{CP[1 — a — be/(c + 7)] — 6.25ADIN} 


where a, b and c are the usual in sacco constants and DUP, CP and ADIN are g/kg DM. 

The metabolisable protein supplied by the food may be calculated as MP (g/kg 
DM) = DMP + DUP. An example of the evaluation of a protein source in these 
terms is given in Box 13.1. 

The metabolisable protein content of a food is of no use as a guide to the food’s 
ability to satisfy the residual demand for metabolisable protein, since it includes a 
contribution from ERDP, which has already been taken into account in the form of 
DMP. The protein content of foods is thus stated in terms of ERDP and DUP. 


Feed into Milk 


BOX 13.1 Evaluation of a protein source for a ruminant animal 


Animal: 70 kg ewe with twin lambs producing 3 kg milk/day, y = 11. 
A concentrate feed has: 

CP (g/kg DM) = 550 

EE (g/kg DM) = 20 

ME (MJ/kg DM) = 12.5 


a = 0.2 

b = 0.65 
c = 0.06 
r = 0.05 


ADIN (g/kg DM) = 0.20 


Then: 


ERDP (g/kg DM) = 550{0.8 x 0.2 + [0.65 x 0.06/(0.06 + 0.05)]} = 283 
FME (MJ/kg DM) = 12.5 — (35 x 0.02) = 11.8 
ERDP/FME = 283/11.8 = 23.98 > y and energy is limiting. 


Then: 


DMP (g) = 0.6375(11.8 x 11) = 82.7 
DUP (g/kg DM) = 0.9{[550(1 — 0.2 — (0.65 x 0.06/(0.06 + 0.05)))] — 6.25 x 0.2} = 219.4 
MP (g/kg)(DMP + DUP) = 82.7 + 219.4 = 302.1 


Then: 


ERDP = 283 g/kg DM 
DUP = 219 g/kg DM 


13.9 


FEED INTO MILK 


A rationing system developed specifically for dairy cows, Feed into Milk (FiM) is 
now used in the UK, full details of which can be obtained in the advisory manual by 
Thomas (2004; see Further reading). The system retains many of the characteristics 
of AFRC (1992), with a few notable modifications. For example, FME is replaced as 
the unit of energy supply for microbial protein synthesis by adenosine triphosphate 
(ATP), which is derived from the degradation of feed dry matter in the rumen. Mi- 
crobial DM is produced in a three-stage process: microbial degradation of feeds to 
simple compounds, the fermentation of these compounds to yield ATP, and the con- 
version of this ATP to microbial protein (Fig. 13.5). The microbial degradation of 
feeds is calculated using the in sacco degradability characteristics of feed DM and 
protein, along with rumen outflow rates for liquid, forage and concentrates. 

For both protein and DM degradability, FiM uses a modification of the in sacco 
technique described by AFRC (1992). The soluble or ‘a’ fraction is in reality the 
washable fraction that includes fine particles that leave the synthetic fibre bags but 
are not immediately available. FiM attempts to account for this by correcting for 
water soluble losses (‘s’) by immersing the feed in water for 1 hour and filtering 
through a 16 pm filter paper and calculating ‘s’ using the following equation: 


= (Xin ~ Xretained) 
Xin 
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Feed DM 


Soluble 
and very 


Concentrate Forage 
particles particles 


small 
particles 


Calculated using s, a, b 
and c values for feed DM Kliq 


Degraded Degraded Degraded 
DM (9) DM (9) DM (9) 
(ssp) (conc.) (forage) 
Yield of ATP depends 
on content of crude 
protein in feed 
ATP yield (ATP,) ATP yield (ATP,) ATP yield (ATP,) 
ssp (mol/g DM) conc. (mol/g DM) forage (mol/g DM) 


Efficiency of conversion YATP wo, Y arp (conc.) | Y arp (forage) 
depends on rumen 
outflow rate 
Total microbial 
protein yield (g/day) 


Fig. 13.5 Production of microbial protein from feed DM in Feed into Milk (FiM). 
kiiq, ke and k¢ are fractional outflow rates from the rumen for small particles, 
concentrates and forages. ATP, is the yield of ATP from DM, and YATP is the 
efficiency of conversion of ATP into microbial protein from soluble and small 
particles (ssp), concentrates (conc.) and forage (forage). 


Adapted from Thomas (2004). 


where X is either g DM or nitrogen. Fine particles are then calculated as the differ- 
ence between the in sacco initial wash value (‘a’) and ‘s’. The fine particles are as- 
sumed to have the same degradability characteristics (‘b’ and ‘c’ values) as the large 
particles but flow out of the rumen with the liquid phase. The soluble component 
(‘s’) is assumed to have a rate of degradation of 0.9/hour and also flows out of the 
rumen with the liquid fraction. For silages, the ‘s’ fraction is first corrected by sub- 
tracting fermentation acids. 

The DM and nitrogen within a feed are considered to belong to one of three 
pools: the soluble/small particle pool (derived from both the forages and concen- 
trates), the forage particle pool, or the concentrate particle pool (depending on 
whether the feed is a forage or concentrate). There is a a separate outflow rate from 
the rumen for the three pools: a liquid outflow rate for the soluble/small particle 
pool (kjjq), a forage (ks) outflow rate for the long forage particles, and a concentrate 
(ko outflow rate for the large concentrate particles. The outflow rates are calculated 


Feed into Milk 


Table 13.13 Influence of DM intake and proportion of forage in the 
diet (kg DM/kg DM) on predicted liquid (kjj,), forage (kí) and 
concentrate (k,) outflow rates (proportion per hour) using FiM (2004) 


DM intake (kg/day) 18 20 22 
Forage proportion 0.8 0.5 0.35 
klia 0.087 0.076 0.075 
kr 0.049 0.045 0.046 
ke 0.064 0.058 0.060 


from the DM intake, the animal liveweight (W) and the proportion of forage in the 
ration: 


kiq = 0.0245 + (0.25 DMI/(W°75) + 0.04? 
k; = 0.0035 + (0.22 DMI/W°”5) + 0.02f 
k. = 0.0025 + 1.25 k; 


where DMI is dry matter intake (kg/d), W is liveweight (kg) and f is the proportion of 
forage in the diet (DM basis). In practice, liquid, forage and concentrate outflow rates 
are relatively constant over a range of DM intakes and forage proportions, as shown 
in Table 13.13. To simplify the calculations, set outflow rates of 0.08, 0.045 and 0.06 
for kiq, kp and kç, respectively, may be used. 


Effective degradable nitrogen 


The supply of effective degradable nitrogen (edn) from each feed is calculated from 
the degradability characteristics of the nitrogen fractions determined in sacco and 
the appropriate outflow rates for the three fractions using the following equation: 


edn = (0.9sy/(0.9 + kiiq)) + (bon en/(Cn + kiig)) + (bs cN/(cN + k)) 


where edn is effective degradable nitrogen, sy, bpn, bN and cy are the soluble, 
degradable small particle, degradable large particle nitrogen and fractional rate of 
degradation fractions of the feed (for either concentrates or forage). The proportion 
of nitrogen contained in the small particles (bpn) is calculated from the a, s and b 
fractions of the feed as (by (ay ~ Sn))/(1 — an) and k is the fractional outflow rate of 
the forage (ks) or concentrate (k,), depending on the feed type being evaluated. 
Potential microbial crude protein supply from degradable nitrogen is determined as 
edn X 6.25.As in AFRC (1992), it is assumed that the true protein content of micro- 
bial crude protein is 750 g/kg crude protein and that the digestibility of the true pro- 
tein is 850 g/kg. Therefore, digestible microbial true protein (DMTP) is 0.6375 
microbial crude protein. The supply of digestible undegradable protein (DUP) is cal- 
culated in the same manner as described by AFRC (1992). 


Degradability of dry matter 


The effective degradability of the DM of the soluble/small particles (eddm,,,) is cal- 
culated as follows: 


eddm,,, = (0.9s/(0.9 + kjig)) + (bpc/(c + kiig)) 
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For the large particles in concentrates or forages, the effective degradability 
(eddm;;) is calculated as follows: 


eddm,, = (be/(c + k)) 


Conversion of degraded dry matter to ATP 


The degraded DM is then converted into a yield of ATP (mol/day) that is available 
for microbial maintenance and growth. An in vitro technique is proposed as the stan- 
dard reference method to estimate the efficiency of production of ATP per unit of 
degraded DM. Alternatively, the yield of ATP may be predicted from the following 
equation: 


ATP yield (mol/kg DM apparently degraded) = 27.3 — 0.0248CP (g/kg DM) 


Caution should be exercised when using this equation, particularly for feeds that 
are high in non-protein nitrogen, as these may underestimate the ATP yield. 


Conversion of ATP to microbial protein 


The ATP yield (mol/kg DM) is converted by the rumen microbes to produce micro- 
bial DM. The efficiency of this conversion (Yarp g microbial DM per mol ATP) is de- 
termined by the growth rate of the microbes, with faster-growing microbes using the 
energy more efficiently than those growing more slowly. The rate of growth of the 
microbes is determined by the phase with which they associate (i.e. soluble/small 
particles, forage or concentrate particles) and its outflow rate from the rumen and is 
calculated as follows: 


YATP = 9 + 50k 


where k is the fractional outflow rate of liquid for the soluble/small particles, the for- 
age or concentrates, depending on the feed type. For example, for a liquid outflow 
rate of 0.08 per hour, Y arp will be 13 g microbial DM per mol ATP, whereas a forage 
outflow rate of 0.045 per hour will yield 11.3 g DM per mol ATP. The total yield of 
microbial DM (MDM g/day) for a particular feed from each feed fraction is then cal- 
culated as follows: 


MDM = (ATP, x YATPssp) + (ATP; x Yarpip) 


where ATP,,, = yield ATP from soluble/small particles (mol/g DM), Y arpssp = efficiency 
of conversion of ATP to microbial DM for microbes associates with soluble/small 
particles in forages or concentrates (g DM/mol ATP), ATP), = yield ATP from large 
particles in forages or concentrates (mol/g DM), and Yarpssp = efficiency of conver- 
sion of ATP to microbial DM for microbes associated with large particles (gDM/mol 
ATP). 

Finally, to convert microbial DM to microbial protein, it is assumed that rumen 
microbes contain 100 gN/kg DM and that microbial crude protein consists of 160 g 
N/kg DM, providing a microbial crude protein content of 625 g/kg microbial DM. 
Microbial crude protein is converted to digestible microbial true protein by multiply- 
ing by 0.6375, as described earlier. 

The preceding calculations are complicated and lend themselves more easily 
to being undertaken by a computer program or spreadsheet than by hand. If 
constant outflow rates for the liquid, forage and concentrates phases of 0.08, 0.045 


SUMMARY 


1. For food protein to be used with maximum 


Summary 


and 0.06 per hour, respectively, are used, then each feed will have a fixed metabolis- 
able protein supply derived from either the sum of the digestible microbial crude 
protein produced from the effectively degraded nitrogen supply and DUP (MPN), or 
the sum of the digestible microbial protein produced from the rumen available en- 
ergy supply and DUP (MPE). These values are additive for each ingredient within a 
ration, making diet formulation quick and simple. For example, a dairy cow fed 7 kg 
DM per day of a concentrate with an MPE value of 135 g/kg DM and an MPN value 
of 158 g/kg DM and consuming 10.5 kg DM per day of grass silage with an MPE 
value of 84 g/kg DM and an MPN value of 89 g/kg DM would have a predicted daily 
metabolisable protein supply from rumen available energy (MPE) of (7 x 135) + 
(10.5 x 84) = 1827 g.The corresponding MPN values would be (7 x 158) + (10.5 x 
89) = 2041 g. As the diet is limited first by MPE, daily metabolisable protein supply 
is predicted to be 1827 g per day. The MPE and MPN values are routinely provided 
for forages when analysed by NIRS. 

FiM also assumes a constant ruminal pH of approximately pH 6.2 and ignores the 
detrimental effects that low pH can have on ruminal metabolism. The system does, 
however, provide an estimate of whether rumen pH is likely to be altered through 
the calculation of a rumen stability value (RSV). The RSV of a feed is dependent on 
its fibre content, whether it is a concentrate or forage, and the potential acid load 
(PAL).The PAL content is a measure of the amount of acid that will be produced by 
the feed on incubation with rumen liquor, expressed as meq/kg DM. Typically, hay 
will have a PAL of 800 meq/kg DM and barley 1150 meq/kg DM. The requirement 
for RSV is affected by cow age, milk yield and quality, and the feeding system used. 
For example, fourth-lactation cows fed a total mixed ration will have a lower RSV 
requirement than first-lactation animals fed concentrates twice daily in the parlour. 
If the RSV balance (RSV from diet — RSV requirement) is greater than +20, then it 
is assumed that no problems with acidosis should be encountered; if it is below 0, 
then it is advised that the diet should be modified. 


5. Standardised digestibility takes account of 


efficiency, its constituent essential and non- 
essential amino acids must be present in the 
diet in sufficient quantities to meet the ani- 
mal’s metabolic demands. 


Crude protein is a measure of food protein 
calculated as nitrogen content multiplied by 
6.25. Digestible crude protein is calculated as 
6.25 times the difference between nitrogen 
intake and nitrogen voided in the faeces. 


Ileal digestibility is measured as the differ- 
ence between nitrogen intake and nitrogen 
voided at the terminal ileum. 


For true digestibility, the endogenous compo- 
nent of the faecal or ileal matter must be 
known. 


only part of the endogenous nitrogen and 
remains an apparent figure. 


. Standardised methods (protein efficiency 


ratio, net protein ratio and gross protein 
value) based on the growth response of 
experimental animals are used to evaluate 
protein sources for monogastric 

animals. 


. Nitrogen balance is the difference between 


nitrogen intake and nitrogen output in the 
form of faeces, urine, milk and eggs. As an es- 
timate of protein deposition in the animal's 
tissues, it is subject to several errors, and the 
results have been known to diverge from 
those of the comparative slaughter technique. 
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Biological value is stated as the proportion of 
the nitrogen intake that is actually retained 
and takes account of endogenous urinary and 
faecal nitrogen, whereas chemical score and 
the essential amino acid index are based on 
the proportion of the main limiting amino 
acid of the protein in relation to that in a 
standard protein. 


. Assays of available amino acids may be made 


by measuring the liveweight gain or food con- 
version efficiency of animals given the intact 
protein as a supplement to a diet deficient in a 
particular essential amino acid. Certain micro- 
organisms have amino acid requirements 
similar to those of higher animals and have 
been used for protein evaluation. 


Determination of available lysine by reaction 
of fluoro-4-dinitrobenzene with the reactive 
epsilon group has been shown to correlate 
well with gross protein values of animal 
foods and for supplements for high-cereal 
diets. 


Dye-binding methods have proved satisfac- 
tory for cereal and milk products. 


Standardised ileal digestibility is now used for 
evaluating proteins for pigs. This approach 
has the advantage of using ileal digestibility 
and therefore avoiding microbial amino acid 
production in the hind gut inherent in using 
whole-tract digestibility, and also accounting 
for basal endogenous amino acid loss. Values 
are also additive, simplifying diet formulation. 


For poultry, evaluation of protein sources is 
also based on standardised ileal digestibility 
of the three major amino acids: lysine, me- 
thionine and tryptophan. 


QUESTIONS 


14. 


15. 


16. 


17. 


For horses, evaluation of protein sources is 
based on crude protein or digestible crude 
protein. 


In evaluating protein sources for ruminant 
animals, account must be taken of: 


the degradability of the protein within the 
rumen; 

the rate of passage of the food through 
the rumen; 

the efficiency of capture of degraded pro- 
tein by the rumen microbes; 

the yield of microbial protein; 

the true digestibility of the protein reach- 
ing the small intestine; 

the efficiency of utilisation of nitrogen 
absorbed from the small intestine. 


The UK metabolisable protein system divides 
the requirement of an animal into that which 
is required for supplying the needs of the 
rumen microbes and that which is required at 
tissue level. After estimating the contribution 
of microbial protein to satisfying this de- 
mand, the requirement for undegraded 
dietary protein is calculated. 


The UK Feed into Milk (FiM) system uses ATP 
as the unit of energy for microbial growth, 
which is derived from the ruminal degradation 
of dietary DM and rumen outflow rates for 
liquid, concentrates and forages. Metabolis- 
able protein supply to the tissues is calculated 
as the sum of that produced from rumen avail- 
able nitrogen plus digestible undegradable 
protein (MPN) or rumen-available energy plus 
digestible undegradable protein (MPE), 
whichever is the lower value. The system also 
provides an indication of the effect of diet on 
rumen pH. 


13.1 Fora growing pig, calculate the apparent nitrogen retention when fed 1.5 kg/day 
of a diet containing 29.5 g N/kg, with a daily faecal output of 5.6 g N and uri- 
nary nitrogen output of 19.5 g N. 

13.2 Calculate the biological value (BV) of the following protein when consumed by 
rats. Daily food consumed was 6.4 g, nitrogen content of the food was 12.62 g/kg, 
total nitrogen excreted in the urine per day was 37 mg, endogenous nitrogen 


Further reading 


excreted in the urine per day was 23.0 mg, total nitrogen excreted in the faeces 
per day was 21.3 mg and metabolic faecal nitrogen excreted daily was 10.4 mg. 


13.3 A protein feed for ruminants has the following in sacco degradability charac- 
teristics: a = 0.32, b = 0.51, c = 0.06. Assuming a rumen outflow rate of 0.05 
per hour, what is the predicted degradability? If the feed had a crude protein 
content of 240 g/kg DM, how much protein (g/kg DM) would be predicted to 
be released within the rumen, and what would the ERDP content be? 


13.4 Using Feed into Milk (FiM), what is the predicted supply of metabolisable pro- 
tein (MP) to a dairy cow fed 10 kg DM per day of grass silage, 2 kg DM per day 
soya bean meal and 6 kg DM per day of molassed sugar beet pulp. The MPE 
and MPN content (g/kg DM) of the grass silage is 82 and 87, the soya bean 
meal 271 and 417, and the sugar beet pulp 130 and 83, respectively. 
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The nutrient requirements of animals 


The animal uses the nutrients obtained from foods for a variety of purposes. This part 
describes how the nutrient requirements of the animal are quantified and expressed as 
feeding standards. 


Chapter 14 covers the nutrient requirements for maintenance and growth and explains how 
growth can be controlled by nutrient supply. 


Nutrient requirements for reproduction are considered in Chapter 15, which also includes 
nutritional influences on puberty, fertility and fecundity and the requirements for egg 
production in poultry and growth of the foetus. 


Chapter 16 describes the synthesis of milk components, followed by the requirements for 
lactation in the main farm animal species. 


Formulation of a ration or diet requires knowledge of the nutrient requirements of the 
animal (discussed in this part) and the nutritional value of the foods (discussed in Part 3) and, 
in order to combine these two, the amount of foods the animal can consume. Therefore, 
Chapter 17 gives details of factors affecting food intake in both monogastrics and ruminants 
and the methods used to predict food intake. 


Feeding standards for 
maintenance and growth 


14.1 Nutrient requirements for maintenance 

14.2 Nutrient requirements for growth 

14.3 Nutrient requirements for wool production 

14.& Mineral and vitamin requirements for maintenance and growth 
14.5 Nutritional control of growth 


The amounts of nutrients required by animals are often described by the general term 
‘feeding standards’. Two other terms used in the same context are ‘nutrient require- 
ments' and 'nutrient allowances'. Neither of these terms is strictly defined. However, 
a nutrient requirement is generally agreed to be the average amount required for 
a particular function, whereas a nutrient allowance is greater than this by a safety 
margin designed primarily to allow for variations in the requirement between indi- 
vidual animals. 

Feeding standards may be expressed either as quantities of nutrients or in dietary 
proportions. Thus, the phosphorus requirement of a 50 kg pig might be stated as 11 g P/day 
or as 5 g P/kg of the diet. The former method of expression is used mainly for animals 
given exact quantities of foods, and the latter for animals fed to appetite. Various units 
are used for feeding standards. For example, the energy requirements of ruminants 
may be stated in terms of net energy (NE), metabolisable energy (ME), digestible en- 
ergy (DE) or feed units, and their protein requirements in terms of crude protein (CP), 
digestible crude protein (DCP) or metabolisable protein (MP). It is desirable that the 
units used in the standards should be the same as those used in feed evaluation. Stan- 
dards may be provided separately for each process of the animal or as overall figures 
for combined processes. For example, the requirements of cattle and sheep are often 
given separately for maintenance and for milk production, but those for growing 
chickens are for maintenance and growth combined. In some cases, the requirements 
for single processes are not known; this is particularly true for vitamin and trace element 
requirements. 

As mentioned above, the translation of requirements into allowances that are used 
in feeding practice often involves the addition of safety margins. The justification for 
such safety margin is illustrated by the following example. Suppose that in 500 kg cattle 
the NE requirement for maintenance varies between individuals from 30 MJ/day to 
36 MJ/day, with a mean value of 33 MJ/day. Although some of this variation may reflect 
inaccuracies in the methods of measurement used, much of it undoubtedly reflects real 
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differences between animals. If this is the case, then the adoption of a mean value of 
33 MJ/day as the value to be used in practice would result in some of the cattle being 
overfed and some being underfed. Underfeeding is generally regarded as the greater 
evil, and so a safety margin is often added to the requirement when calculating the 
allowance to be fed. This safety margin is designed to ensure that no animals, or only 
those with an exceptionally high requirement, will be underfed. It may be an arbitrary 
value or, better, one based mathematically on the variation between animals; the larger 
the variation, the greater the safety margin. The use of safety margins has been criti- 
cised on the grounds that overfeeding, say, 90 per cent of the population in order to en- 
sure that 10 per cent are not grossly underfed is wasteful. However, they are justified 
for nutrients where the consequences of deficiency are serious and where the costs of 
oversupply are relatively low (e.g. magnesium). However, for nutrients such as energy, 
the use of safety margins is probably not justified. Oversupply of energy is likely to be 
expensive, and although animals will respond to the excess, an increase in the rate of 
production may not be desirable as excess energy might be stored as body fat. 

Individual variations between animals, and between samples of a food, must always 
be considered when applying feeding standards as such variation will inevitably lead to 
inaccuracies. For this reason, feeding standards should be considered as guides to feed- 
ing practice and not as inflexible rules; they do not replace the art of the farmer in the 
finer adjustment of food intake to animal performance. The application of feeding 
standards is not restricted to individual animals; they can also be used at farm scale to 
calculate, for example, the total winter feed requirement of a dairy herd, or used at 
national level to assist in planning food imports. 

Between 1960 and the mid-1980s, feeding standards in the UK were developed by 
research scientists coordinated by the Agricultural Research Council, and translated into 
practical manuals by nutritional advisors working for the Ministry of Agriculture and 
associated governmental or commercial organisations (see Further reading). In 1983, a 
single organisation comprising both research scientists and nutritional advisors, the 
Technical Committee on Responses to Nutrients, became responsible for both revising 
standards and producing technical manuals. More recently, feeding standards for both 
pigs and dairy cows have been developed by consortia consisting of both government 
bodies and commercial organisations. However, at the time of writing (2009), there is 
no UK organisation with overall responsibility for feeding standards, despite the contin- 
uing need for revision of current standards to incorporate new research findings. 

Feeding standards have been developed in many other countries. In the USA, the 
standards used have been developed by the National Research Council; similarly, Australia 
has a national committee to develop and publish standards. In Europe, the Netherlands 
has a Central Feed Bureau to publish and revise standards, and Germany, France and the 
Scandinavian countries have similar organisations. Some of the manuals produced by 
these organisations are listed in the further reading section, and examples of their use 
are included in the text. However, it is not possible to provide a comprehensive coverage 
of all the standards available. 

The main users of feeding standards are commercial companies that supply concen- 
trate feeds as complete diets for pigs and poultry and as complementary feeds to forages 
consumed by ruminants. Nutritional advisers and consultants also use them to formulate 
diets and advise farmers. Commercial feed companies often modify published standards 
in order to meet the specific needs of their customers. For example, the nutrient require- 
ments of poultry tend to change from one generation to the next because of the speed 
of genetic selection and improvement. Consequently, national feeding standards fail to 
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keep up with these changes. The variety of feeding standards available, the tendency 
for them to be frequently revised, and the increasing use of computers in ration formu- 
lation have encouraged users to be more flexible in their selection of feeding standards. 
In addition, the emphasis today is less on formulating rations to meet minimum require- 
ments and more on predicting animal responses to changes in nutrient supply (hence 
the formation of the UK Technical Committee on Responses to Nutrients). 

Feeding standards have been criticised on the grounds that they may not be appli- 
cable on farms. For example, grazing animals will eat what they can harvest rather 
than a prescribed ration. However, if grazing animals fail to grow because of a sus- 
pected copper deficiency, then knowledge of the copper requirement may be required 
to confirm that the element is deficient. In developing countries, standards are often 
difficult to apply because the foods needed to supplement local resources are not 
available. In developed countries, there may be a tendency to oversupply nutrients 
that are freely available and cheap (e.g. calcium). However, the need to avoid oversup- 
ply (by applying standards) has been recognised in countries where the excretion of 
excess nutrients by livestock causes environmental pollution, for example pollution of 
soil and water in the Netherlands by phosphorus and nitrogen compounds. In the near 
future, feeding standards are likely to prescribe maximum as well as minimum levels of 
nutrient supply. 


NUTRIENT REQUIREMENTS FOR MAINTENANCE 


An animal is in a state of maintenance when its body composition remains constant, 
when it does not give rise to any product such as milk, and when it does not perform 
any work on its environment. As animals are rarely kept in this non-productive state, 
it might seem of academic interest to determine nutrient requirements for mainte- 
nance; however, the total requirements of many classes of animal, particularly rumi- 
nants, are calculated factorially by summation of the requirements for maintenance 
and production. Consequently, knowledge of the maintenance requirements of ani- 
mals is of practical as well as theoretical significance. The relative importance of energy 
requirements for maintenance is illustrated in Table 14.1, which shows the relative 
contribution of maintenance and production to the total energy requirement of dif- 
ferent classes of animal. 

The animals exemplified in Table 14.1 are all highly productive, but less produc- 
tive animals use proportionately more of their energy intake for maintenance. It may 
be calculated, for example, that, on average, cattle in Africa use about 85 per cent of 
their energy intake for maintenance. 

Animals deprived of food are forced to draw on their body reserves to meet their 
nutrient requirements for maintenance. We have seen already that fasted animals must 
catabolise body reserves to provide the energy required for essential body processes 
such as respiration and circulation of blood. As the energy so utilised leaves the body 
as heat, the animal is then in a state of negative energy balance. The same is also true 
of other nutrients; for example, an animal fed on a protein-free diet will continue to 
lose nitrogen in its faeces and urine and is therefore in negative nitrogen balance. The 
purpose of a maintenance diet is to prevent this drain on body reserves, and the 
maintenance requirement for a nutrient can be defined as the quantity required to 
ensure that the animal experiences neither a gain nor a loss of that nutrient. The re- 
quirement for maintenance is thus the minimum quantity promoting zero balance 
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Table 14.1 Relative contribution of maintenance and production to the total 
energy requirement of different classes of animals 


Net energy requirement (MJ) Maintenance (% 


Maintenance Production total requirement) 


Daily values 


600 kg dairy cow producing 30 kg 42 93 31 
of milk 

300 kg steer gaining 1 kg per day 23 16 59 

50 kg pig gaining 0.75 kg per day 7 10 41 

1 kg broiler chicken gaining 0.50 0.32 61 
35 g per day 

Annual values 

600 kg dairy cow producing 15 727 18 600 46 
40 kg calf and 6000 kg milk 

200 kg sow producing 16 (1.5 kg) 7100 4 600 61 
piglets and 750 kg milk 

2.0 kg hen producing 250 eggs 190 95 67 


(the qualification ‘minimum’ is necessary, because if the animal is unable to store the 
nutrient in question, then increasing the quantity supplied above that required for 
maintenance will still result in zero balance). 


Energy requirements for maintenance 


Basal and fasting metabolism 


As explained earlier (see p. 261), energy expended in the maintenance of an animal 
leaves the body in the form of heat. The quantity of heat arising in this way is known 
as the animal’s basal metabolism, and its measurement provides a direct estimate of 
the NE that the animal requires from its food in order to meet the demands of main- 
tenance. The measurement of basal metabolism is complicated by the fact that heat 
produced by the animal comes not only from this source but also from the digestion 
and metabolism of food components (the heat increment of feeding) and from the 
voluntary muscular activity of the animal. Heat production may also be increased 
further if the animal is kept in a cold environment (see p. 350). 

When basal metabolism is measured, the complicating effect of the heat incre- 
ment of feeding is eliminated by depriving the animal of food. The period of fast re- 
quired for the digestion and metabolism of previous meals to be completed varies 
considerably between species. In man an overnight fast is considered sufficient but in 
ruminants digestion, absorption and metabolism continue for several days after feed- 
ing stops, and a fast of at least 4 days is needed; the same period is recommended for 
pigs, and a period of 2 days for fowl. There are a number of criteria for establishing 
whether the animal has reached the post-absorptive state. If heat production can be 
measured continuously, then the most satisfactory indication is the decline in heat 
production to a steady, constant level. A second indication is given by the respiratory 
quotient (see p. 264). During fasting, the oxidation mixture gradually changes 
from absorbed carbohydrate, fat and protein to body fat and some body protein. 
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This replacement in the mixture of carbohydrate by fat is accompanied by a decline 
in the non-protein respiratory quotient, and when the theoretical value for fat (0.7) 
is reached it can be assumed that energy is being obtained only from body reserves. 
In ruminants, an additional indication that the post-absorptive state has been 
reached is a decline in methane production (and therefore digestive activity) to a 
very low level. 

The contribution of voluntary muscular activity to heat production can be reduced 
to a low level when basal metabolism is measured in human subjects, but in farm 
animals the cooperation needed to obtain a state of complete relaxation can rarely be 
achieved. Fasting may limit activity, but even the small activity represented by stand- 
ing as opposed to lying is sufficient to increase heat production. Consequently, in farm 
animal studies the term ‘fasting metabolism’ is used in preference to ‘basal metabolism’, 
since strict basal conditions are unlikely to be obtained. A term often used in conjunc- 
tion with fasting metabolism is ‘fasting catabolism’; this includes the relatively small 
quantities of energy lost by fasting animals in their urine. 

Some typical values for fasting metabolism are given in Table 14.2. As one would 
expect, the values are higher for larger than for smaller animals, but column 2 shows 
that per unit of liveweight, fasting metabolism is still higher in small animals. At a 
relatively early stage in the study of basal metabolism, it was recognised that fasting 
heat production is related more closely to the surface area of animals than to their 
weight, and it became customary to compare values for animals of different sizes by 
expressing them in relation to surface area (column 3 of Table 14.2). The surface area 
of animals is difficult to measure, and methods were therefore devised for predicting 
it from body weight. The principle of such methods is that, in bodies of the same 
shape and of equal density, surface area is proportional to the two-thirds power of 
weight (W°-°7). The logical development of this approach was to omit the calculation 
of surface area and to express fasting metabolism in relation to W°”. When the link be- 
tween fasting metabolism and body weight was examined further it was found that 
the closest relationship was between metabolism and W®:73, not W®-67. The function 
W9:73 was used as a reference base for fasting metabolism of farm animals until 1964, 
when it was decided to round off the exponent to 0.75 (see column 4 of Table 14.2). 

There has been considerable discussion as to whether surface area or W°’”> (often 
called metabolic liveweight) is the better base. This will not be repeated here but is 
contained in the books listed in Further reading. Mathematically, there is nothing to 


Table 14.2 Some typical values for the fasting metabolism of adult animals 
of various species 


Animal Liveweight (kg) Fasting metabolism (MJ/day) 
Per Per kg Per m2 Per 
animal liveweight (W) surface area kg W075 
(1) (2) (3) (4) 
Cow 500 34.1 0.068 7.0 0.32 
Pig 70 7.5 0.107 5.1 0.31 
Human 70 7.1 0.101 3.9 0.29 
Sheep 50 4.3 0.086 3.6 0.23 
Fowl 2 0.60 0.300 _ 0.36 
Rat 0.3 0.12 0.400 3.6 0.30 
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choose between the two bases, for their relationships with fasting metabolism are 
equally close. 

The fasting metabolism of adult animals ranging in size from mice to elephants 
was found by S Brody to have an average value of 70 kcal/kg W9:73 per day; the ap- 
proximate equivalent is 0.27 MJ/kg W°.”> per day. There are, however, considerable 
variations between species, as shown in Table 14.2. For example, cattle tend to have 
a fasting metabolism about 15 per cent higher than the interspecies mean, and sheep 
have a fasting metabolism that is 15 per cent lower. There are also variations within 
species, notably those due to age and sex. Fasting metabolism per unit of metabolic 
liveweight is higher in young than in old animals, being for example 0.39 MJ/kg W9-75 
per day in a young calf but only 0.32 MJ/kg W°.”° in a mature cow; it is also 15 per 
cent higher in male cattle than in females or castrated males. 


Energy balance and feeding trials 


The quantity of energy required for maintenance is, by definition, that which pro- 
motes energy equilibrium (zero energy balance). This quantity can be estimated di- 
rectly in fed, as opposed to fasted, animals if the energy content of their food is 
known and their energy balance can be measured in feeding trials. In theory the 
quantities of food given could be adjusted until the animals were in exact energy 
equilibrium, but in practice it is easier to allow them to make small gains or losses 
and then to use a model of the kind depicted in Fig. 11.5 in Chapter 11 to estimate 
the energy intake required for equilibrium. For example, suppose a 300 kg steer was 
given 3.3 kg/day DM of a food with M/D of 11.0 MJ/kg DM and with a k, = 0.5. If 
the steer retained 2.0 MJ/day, then its ME requirement for maintenance would be 
calculated as follows: 


(3.3 x 11) — (2/0.5) = 32.3 MJ ME/day 


A similar approach can also be followed in feeding trials in which animals are not 
kept in calorimeters. The animals are given known quantities of food energy, and their 
liveweights and liveweight gains or losses are measured. The partition of energy in- 
take between that used for maintenance and that used for liveweight gain can be made 
in two ways. The simpler method involves the use of known feeding standards for 
liveweight gain. The alternative is to use the figures for energy intake (J), liveweight 
(W) and liveweight gain (G) to solve the following equation: 


I = aW + bG 


The coefficients a and b then provide estimates of the quantities of food energy 
used for maintenance and for each unit of liveweight gain, respectively. This form of 
analysis can be extended to animals with more than one type of production, such as 
dairy cows, by adding extra terms to the right-hand side of the equation. 

The main objection to using feeding trials to determine energy requirements for 
maintenance (and also for production) in this way is that liveweight change is a rela- 
tively poor measure of energy balance. However, it is possible to put the method on 
a sounder energy basis by using the comparative slaughter technique to estimate 
changes in the energy content of animals. 


Fasting metabolism as a basis for estimating maintenance requirements 


The feeding trial method of estimating maintenance requirements has the advantage 
of being applied to animals kept under normal farm conditions, rather than under 
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Table 14.3 Energy costs of physical activity in a 50 kg sheep 


Activity Cost per kg Duration or Cost per 
liveweight frequency day (kJ) 
of activity 
Standing 0.4 kJ/h 9 h/day 180 
Changing position 0.26 kJ 6 times/day 78 
Walking 2.6 kJ/km 5 km/day 650 
Climbing 28 kJ/km 0.2 km/day 280 
Eating 2.5 kJ/h 2—8 h/day 250-1000 
Ruminating 2.0 kJ/h 8 h/day 800 
Fasting metabolism 4300 


the somewhat unnatural conditions represented by fasting animals in a calorimeter. 
Consequenttly, it is often difficult to translate values for fasting metabolism into practi- 
cal maintenance requirements. One factor to be taken into account is that animals on 
the farm commonly use more energy for voluntary muscular activity. Another factor is 
that productive livestock must operate with a higher metabolic rate than fasted animals 
and thereby incur a higher maintenance cost. Third, animals on the farm experience 
greater extremes of climate and may need to use energy specifically to maintain their 
normal body temperature. The first two factors are discussed below, and the effects of 
climate on energy requirements for maintenance are discussed on p. 350. 

Estimates of the energy costs of various forms of voluntary muscular activity are 
shown in Table 14.3. In the first column the costs are given per unit of liveweight. The 
second column gives estimates of the number of units of activity likely to be under- 
taken, and the third column gives estimated daily costs for a 50 kg sheep. For exam- 
ple, if the sheep walks 5.0 km per day (line 3) and the unit cost is 2.6 kJ per 
kilogram liveweight per kilometre, then a 50 kg sheep will incur a cost of 2.6 x 5.0 x 
50 = 650 kJ per day. Table 14.3 includes a value for fasting metabolism, and it can be 
calculated that the NE required by the sheep for maintenance will be increased by 
(650/4300) x 100 = 15.0 per cent if it walks 5.0 km per day. 

Some of the activities listed in Table 14.3 are likely to be carried out by all ani- 
mals (standing, getting up and lying down, plus a minimal amount of locomotion). 
Consequently, their energy cost is always added to the fasting metabolism when calcu- 
lating maintenance requirements. For example, in the AFRC (1993) system (see Fur- 
ther reading), the activity allowance for a housed lactating ewe is 9.6 kJ per kilogram 
liveweight per day. For a 50 kg sheep this amounts to 480 kJ per day, or about 11 per 
cent of the fasting metabolism. 

The energy costs of eating (prehension, chewing and swallowing) and of rumina- 
tion are included in the heat increment of feeding (i.e. they are taken into account in 
the estimation of efficiency constants, k). However, if animals are grazing, rather 
than having foods delivered to them, their energy requirements for muscular activity 
will be much increased. Table 14.3 shows that if a 50 kg sheep has to walk 5 km and 
climb 0.2 km a day in search of food, and has to extend its eating time from 2 hours 
to 8 hours a day, its energy cost will be increased by 650 + 280 + 750 = 1680 kJ per 
day, which is equivalent to nearly 40 per cent of its fasting metabolism. In general, 
grazing animals are likely to have maintenance requirements that are 25-50 per cent 
greater than those of housed animals. However, the actual increase will depend upon 
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the terrain and vegetation type. The efficiency with which ME is used to meet the 
costs of muscular activity (kw) is generally assumed to be the same as kx... 

Although fasting metabolism is measured under standardised conditions, evi- 
dence suggests that the value obtained for a particular animal depends on that ani- 
mal’s previous energy status. If an animal on a high plane of nutrition is suddenly 
fasted, then its metabolic rate will be higher than that of a similar animal that has 
previously been kept on a lower plane. In one comparison made with 35 kg lambs, 
those previously fed on a high plane had a fasting metabolism 20 per cent higher 
than those previously fed on a moderate plane. The same effect is demonstrated 
when one attempts to provide animals with just enough food to keep their weight 
constant (i.e. to keep them at maintenance). As time passes, the ration has to be pro- 
gressively reduced to maintain the required equilibrium. The inference is that ani- 
mals can adapt to low-level (maintenance) rations either by improving their efficiency 
of energy utilisation or, more likely, by reducing non-essential muscular activity. This 
means that if an animal’s fasting metabolism is determined after a period on a low 
plane of nutrition, as is commonly the case, then the value obtained, even when 
increased to allow for additional muscular activity, may well underestimate its main- 
tenance requirement when offered a high plane of nutrition. This source of error is 
recognised in the Australian energy system for ruminants (see p. 290), maintenance 
requirements being increased as levels of energy intake rise. 

The fasting metabolism of an animal when expressed per unit of metabolic weight 
may vary depending on the animal’s body composition. Metabolically active tissues 
such as the internal organs and musculature require more energy for maintenance 
than less metabolically active tissues. Consequently, a fat animal is likely to have a 
lower fasting metabolism than a thin animal of the same weight. 


Influence of climate on energy metabolism and requirements 

for maintenance 

The influence of climate on the nutrition of farm animals is not confined to energy 
requirements for maintenance but extends to other aspects of energy metabolism 
and also to nutrients other than energy. Nevertheless, climate has the greatest influ- 
ence on energy requirements, and in cold climates animals kept at or below the 
maintenance level are most affected. 

Both mammals and birds are homeotherms, which means that they attempt to 
keep their body temperature constant. Animals produce heat continuously and, if 
they are to maintain a constant body temperature, must lose heat to their surround- 
ings. The two main routes of heat loss are the so-called sensible losses by radiation, 
conduction and convection from their body surface, and evaporative losses of water 
from the body surface and lungs (2.52 MJ/kg water).The rate at which heat is lost is 
dependent in the first instance on the difference in temperature between the animal 
and its surroundings; for farm animals, the rectal temperature, which is slightly lower 
than the deep body temperature, lies in the range 36-43 °C. The rate of heat loss is 
also influenced by animal characteristics, such as insulation provided by the tissues and 
coat, and by environmental characteristics, such as air velocity, relative humidity and 
solar radiation. In effect, the rate of heat loss is determined by a complex interaction 
of factors contributed by both the animal and its environment. 

Figure 14.1 illustrates the physics and physiology of heat loss from animals. In 
this example, the solid line represents the heat production of a fasted pig, resting at 
a ‘comfortable’ temperature of 22°C. Its heat production (and loss) is 5 MJ/day, and 
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Fig. 14.1 The effect of environmental temperature on the heat production of a pig. 


this is divided almost equally between sensible and evaporative losses. If the air tem- 
perature is gradually reduced, the pig will begin to lose heat more rapidly. It can 
reduce this effect to a certain extent by reducing its evaporative losses and perhaps 
reducing blood flow (and heat transfer) to the body surface. The latter response will 
reduce the skin temperature and presumably make the animal feel cold. As the fall in 
air temperature continues, a stage is reached where the pig can maintain its deep 
body temperature only by increasing its heat production, which it might do by in- 
creasing muscular activity, i.e. by shivering. The environmental temperature below 
which heat production is increased is known as the lower critical temperature and in 
this example is 20 °C. 

If the pig were fed rather than fasted, then its heat production would be increased 
by the heat increment of feeding and its lower critical temperature would be reduced 
(see Fig. 14.1, broken line). In this example, the pig would not have to increase its 
heat production until the environmental temperature dropped to 7 °C. 

If this pig were subjected to an increasing temperature, it would have difficulty in 
losing heat by sensible losses and would need to increase its evaporative loss. Even- 
tually, a temperature would be reached at which the pig would need to reduce its 
heat production, which it might do by restricting its muscular activity and also by re- 
ducing its food intake. The temperature above which animals must reduce their heat 
production is known as the upper critical temperature. The range between the lower 
and upper critical temperatures is known as the thermoneutral zone. 

We can now move from this simple situation of the pig exposed to only one climatic 
variable, temperature, to other animals and other climates. The lower critical temper- 
atures of animals kept in different environments are presented in Table 14.4. Rumi- 
nants have a wider thermoneutral zone and a lower critical temperature compared 


351 


Chapter 14 Feeding standards for maintenance and growth 


352 


Table 14.4 Some examples of the lower critical temperatures (°C) of farm animals 
in different environments 


Animal Type State Production level Wind speed (km/h) 
0 15 
Sheep Lamb Newborn _ 28 34 
Adult Shorn Fasted 31 35 
50 mm wool Fasted 22 28 
Maintenance 7 18 
Ad libitum —10 5 
100 mm wool Ad libitum —40 _ 
Cattle Calf Newborn _ 18 28 
Beef Store Maintenance —16 -3 
Growing (30 mm coat) Gaining 0.8 kg/day -32 —10 
Cow Dairy (20 mm coat) Maintenance —8 10 
30 litres milk/day -30 —20 
Floor 
Straw Concrete 
Pig Sow Adult 160 kg Maintenance 22 = 
Growing Individual High 14 19 
Group High 7 13 


with non-ruminants because ruminants have a greater capacity to regulate evapora- 
tive heat losses and their heat increment of feeding is higher (i.e. lower efficiency 
constants, k) than that of non-ruminants. In addition, ruminants tend to produce 
heat at a constant rate throughout the day, whereas non-ruminants tend to digest and 
metabolise their food quickly and then experience cold when the heat increment has 
declined. Smaller animals tend to be more susceptible to cold because they are often 
less well insulated. However, this is often balanced by having a higher basal metabolic 
rate per unit of body weight. Nevertheless, the lower critical temperature of an adult 
sheep (50 kg) is higher than that of a cow (500 kg) kept in a similar environment 
(Table 14.4). 

An animal’s insulation depends on its subcutaneous fat (pig) and coat depth (sheep 
fleece, cattle hair, poultry feathers). Thus, a sheep that has been shorn is particularly 
vulnerable to cold, even in summer, and especially if its food intake is restricted. By 
disturbing the coat or fleece, wind reduces insulation and, as shown in Table 14.4, in- 
creases the critical temperature. Rain increases heat loss both by reducing insulation 
and through the heat of vaporisation. In an adult sheep with a 50 mm coat, 30 mm of 
rain per day can raise the critical temperature by 2-6 °C. In housed animals, insula- 
tion depends on the floor type and group size. Pigs kept on straw have a lower criti- 
cal temperature than that of pigs kept on concrete. Similarly, pigs kept in groups can 
huddle together to reduce their surface area and lower their critical temperature. 

The farm animals that are most likely to suffer from cold stress are newborn 
lambs, calves and pigs. They are small and tend to have poor insulation because of 
low levels of subcutaneous fat or a thin coat of hair or wool. In addition, they are wet 
when born. If the newborn animal also fails to obtain sufficient milk from its mother, 
then its heat increment of feeding may be low. Newborn animals have a special type 
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of tissue known as brown adipose tissue for generating heat soon after birth, which 
is deposited at strategic points such as the shoulder and abdomen. Fat droplets are 
stored in metabolically active cells that have a good blood supply. When the fat is 
metabolised, the oxidation is uncoupled, with energy being released as heat rather 
than being captured as ATP. The heat so generated is then carried to other parts of 
the animal’s body by the blood. Reserves of brown adipose tissue are relatively small 
and its protective role is limited. Consequently, it is very important that young ani- 
mals receive food in the form of colostrum and milk as soon as possible after birth. 

A comparison of an animal’s lower critical temperature with the environmental 
temperature tells us whether the animal requires an additional source of energy to 
increase its heat production. However, it does not tell us how much energy should be 
supplied. The various strategies for alleviating cold stress are (1) to make the envi- 
ronment warmer (e.g. improving the insulation of buildings or reducing draughts), 
(2) to allow the animal to increase its heat production from existing resources (e.g. 
by metabolising fat reserves) and (3) to increase the animal’s heat production by 
manipulating its diet. The last would seem to be the preferable nutritional strategy. 

In housed animals, the increase in heat loss for every 1°C fall in temperature 
below the lower critical temperature is reasonably constant. A value of 18 kJ per kg 
W°:”> per day has been quoted for adult pigs. Thus, if a sow weighing 160 kg (45 kg 
W9:75) were kept on a maintenance diet (19.4 MJ ME per day) at a temperature 5 °C 
below its lower critical temperature (22°C), its daily heat loss would be potentially 
45 x 5 X 18 = 4050 kJ (4.05 MJ) greater than its heat production. This represents 
about 20 per cent of its maintenance requirement. When ME is used to meet a deficit 
in heat production, the efficiency of ME utilisation is 100 per cent (i.e. k = 1). Con- 
sequently, the sow would require an additional 4.05 MJ ME/day to ensure energy 
equilibrium. An alternative strategy would be to increase the sow’s ME intake to a 
level at which the additional heat increment would meet the heat deficit. For exam- 
ple, if k, was 0.7, the sow would need 13.5 MJ ME/day above its maintenance 
requirement, which would yield 4.05 MJ as heat and 9.45 MJ as retained energy. 

Laying hens are normally fed to appetite and are therefore able to adjust their 
food and energy intake to regulate body temperature. As the environmental temper- 
ature falls below 25 °C, their ME intake increases by 22 kJ for each 1 °C fall. For a 
1.8 kg bird, this is equivalent to 14 kJ per kg W.” (cf. 18 kJ for sows). The extra 
energy consumed appears to be used solely to generate heat and has little effect on 
egg production. Calculations of this kind can be used by the farmer to determine 
whether it is more economical to provide extra heat or insulation for poultry build- 
ings or extra food for the birds. 

For housed ruminants, the increases in heat loss associated with a 1 °C fall in envi- 
ronmental temperature are comparable (10-20 kJ per kg W°:”° per day) to those for 
pigs and poultry, but are much greater (20-40 kJ) for ruminants kept out of doors and 
exposed to wind and rain. In ruminants it is often possible to influence heat production 
by changing the quality of the diet. Metabolisable energy derived from low-quality 
forage-based diets is used with a lower efficiency (k) than that derived from high-quality 
concentrate-based diets, and thus more heat is liberated to keep the animal warm. 

In hot climates, the animal’s problem is one of disposing of the excess heat it pro- 
duces. We have seen already in Fig. 14.1 that as air temperature increases, sensible 
heat losses (radiation, conduction and convection) reduce and more heat is lost by 
evaporation. Domestic species vary considerably in their ability to lose heat by the 
evaporation of water. Most mammals are poorly equipped with sweat glands and 
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birds have none. However, cattle, particularly tropical cattle (Bos indicus), are able to 
lose appreciable quantities of water and heat by sweating. Evaporation of water from 
the skin can be increased through surface water acquired by wallowing. However, 
the major route by which water vapour is lost is via the respiratory tract. The farmer 
can assist the animal to lose heat by providing shade, ventilation and possibly water 
sprays. However, if these and the animal’s own heat loss mechanisms become over- 
taxed, the animal has to reduce its heat production, which it does by reducing its 
food and energy intake. This means that potentially high-producing animals, such as 
dairy cows, are seriously handicapped in the tropics by their inability to maintain 
high levels of energy intake. Ruminant animals are generally poorly equipped for hot 
climates because of their reliance on low-quality forage-based diets with a low effi- 
ciency of ME utilisation and a high heat increment of feeding. 


Feeding standards for maintenance (energy) 


Ruminants 


Energy requirements for maintenance can be calculated from various feeding stan- 
dards. Although it is not possible to include all the standards, requirements calcu- 
lated using some of the most widely known standards are presented here. The energy 
requirements for maintenance of cattle published by AFRC (1993) are based on fast- 
ing metabolism (F, MJ/day) and can be predicted as follows: 


F = 0.53(W/1.08)°°” 


Fasting weight is predicted from liveweight (W) by dividing by 1.08, and meta- 
bolic weight is calculated using the power 0.67 rather than the more usual 0.75. The 
fasting metabolism of bulls is considered to be 15 per cent higher than that of steers 
and heifers of a similar weight, and an activity allowance (A, MJ/day) of 0.0071 W 
and 0.0095 W is included for growing cattle and dairy cattle, respectively. Thus, the 
NE requirement for maintenance (NE,,) of a 600 kg dairy cow would be calculated 
as follows: 


NEm = 0.53(600/1.08)°°” + (0.0095 x 600) 
= 42.3 MJ/day 


If the ME content of the cow’s diet was 11.0 MJ/kg DM, the efficiency of ME util- 
isation for maintenance (km) would be 0.714 (see Table 12.1 in Chapter 12) and the 
ME requirement for maintenance (ME,,) would be calculated as follows: 


ME,, = 42.3/0.714 
= 59.2 MJ/day 


As stated previously, if an animal on a high plane of nutrition is suddenly fasted, 
then its fasting metabolism will be higher than that of a similar animal previously kept 
on a lower plane of nutrition. As the estimates of fasting metabolism adopted by 
AFRC (1993) were derived from beef and dairy steers fed at maintenance before 
fasting, they may underestimate the fasting metabolism of dairy cows fed at higher 
levels of production. Evidence suggests that the fasting metabolism of modern dairy 
cows of high genetic merit, and on a high plane of nutrition, may be substantially 
greater than that previously suggested, and a value of 0.453 MJ/kg W9-75 has been 
adopted by FiM (2004), which, based on their modelling approach (see Fig. 12.1), 


Nutrient requirements for maintenance 


gives a fixed ME,, of 0.647 MJ/kg W9:?5. The higher maintenance requirement of 
animals at high levels of production probably reflects the higher mass of metaboli- 
cally active organs such as the gut and liver. 

As with cattle, the maintenance requirements of sheep published by AFRC (1993) 
are based on fasting metabolism and an activity allowance that varies between 
0.0067 W for housed fattening lambs and 0.024 W for ewes on hill grazing. The NEm 
requirement of a 50 kg hill ewe can be predicted as follows: 


NEn = 0.23(W/1.08)°75 + 0.024 W 
= 5.3 MJ/day 


In contrast to AFRC (1993), where maintenance requirements are derived from 
calorimetric methods, the maintenance requirements of beef cattle published by 
NRC (2000) are derived using the comparative slaughter technique. This has the ad- 
vantage of allowing experiments to be conducted under conditions more similar to 
those encountered in practice, and the effects of activity are implicitly incorporated. 
The NE,, requirement of beef cattle can be predicted from empty body weight (EBW) 
as follows: 


NEn = 0.322 EBW°75 


where EBW = W X 0.85. 

Maintenance requirements are then adjusted for the effects of breed and sex, with 
the requirements of Bos indicus breeds being reduced by 10 per cent and the re- 
quirement of dairy breeds being increased by 20 per cent. The adjustment for effects 
of sex is similar to that made by AFRC (1993). Further refinements are also included 
for the effects of climatic factors and previous nutritional status. The NE,, require- 
ments of dairy cattle published by NRC (2001) are derived from calorimetric studies 
and are predicted as follows: 


NE,, = 0.335 W075 


It is interesting to note that the NEm requirements of beef cattle derived using 
comparative slaughter techniques and adjusted by 20 per cent for dairy breeds are 
similar to those of dairy cows derived using calorimetric methods. The NE,, require- 
ment of sheep predicted by NRC (2007) of 0.23 W.”> is similar to that adopted by 
AFRC (1993). 

One of the most comprehensive approaches used to predict the energy require- 
ments for maintenance of ruminants is provided by CSIRO (2007), which has 
adopted two generalised equations for the prediction of ME,, as follows: 


Ration formulation: 
MEm = KSM(0.28 W°: exp’ °4)/k,, + 0.1 ME,+ MEgraze + Ecotd 
Prediction of performance: 
ME,, = KSM(0.26 W®’ exp! °))/k,, + 0.09 MEI + MEgraze + Ecota 
where: 


K = 1 for sheep and goats, 1.2 for B. indicus and 1.4 for B. taurus cattle; 
S = 1 for females and castrates and 1.15 for males; 

M=1+ (0.23 X proportion of DE from milk); 

A = age in years (maximum 6); 
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km = efficiency of ME utilisation for maintenance; 
ME, = ME used directly for production; 
MEI = total ME intake; 
MEgraze = additional energy expenditure of grazing; 
MEçota = additional energy expenditure when the temperature is below the lower 
critical temperature. 


The inclusion of ME, (or MEI) in the prediction of ME, recognises the fact that 
fasting metabolism is known to vary directly with level of feeding. As a consequence, 
maintenance requirements predicted by CSIRO (2007) are 5-10 per cent higher 
than those predicted by AFRC (1993). 


Pigs and poultry 


The energy requirements of pigs and poultry are normally stated for both maintenance 
and production combined, although some theoretical standard maintenance require- 
ments have been calculated. The UK Technical Committee on Responses to Nutrients 
predicts the maintenance requirements of sows (ME, MJ/day) to be 0.44 W9:75 
(17.9 MJ for a 140 kg sow), with the requirement of boars being 15 per cent higher. 
Using the BSAS (2003) NE system, the fasting metabolism of pigs (F, MJ/day) is pre- 
dicted as 0.750 W°-°° and an activity allowance of 0.1 and 0.05 times maintenance 
is included for lactating sows or growing pigs, and boars, respectively. The activity of 
pregnant sows is assumed to be negligible. For laying hens, the maintenance require- 
ment (ME MJ/day) is predicted to be 0.55 W9-75. 


Horses 


The minimum maintenance requirements of horses (DE, MJ/day) predicted by NRC 
(2007) is 0.126 W, which is applicable to sedentary or docile horses. This value is 
increased by 10 per cent (0.139 W) for alert horses with moderate levels of activity 
and by 20 per cent (0.152 W) for young active horses. Thus, a 500 kg horse with 
moderate activity would require 69.5 MJ DE per day. Using the French NE system, 
the maintenance requirement of horses (NE, MJ/day) would be estimated to be 
0.351 W9:75, which for a 500 kg horse gives 37.1 MJ/day. When this is converted 
to DE and a 10 per cent activity allowance is included, this equates to 68.1 MJ/day, 
which is similar to that predicted by NRC (2007). 

In addition to the energy required for maintenance, equine athletes also require 
additional energy for work (exercise). The amount of energy required for work de- 
pends on a variety of factors, such as level of training, type of exercise, rider weight 
and experience, and climate and ground conditions. Consequently, it is classified by 
NRC (2007) into four categories — light, moderate, heavy and very heavy work — and 
calculated as 20, 40, 60 and 90 per cent of the maintenance requirement, respectively. 
Examples of the sort of activity associated with each level of work are presented in 
Table 14.5. 


Protein requirements for maintenance 


If an animal is fed on a nitrogen-free but otherwise adequate diet, it will continue to 
lose nitrogen in its faeces and urine. The nitrogen in faeces, as described earlier (see 
Chapter 10), consisting of enzymes and sloughed cells arising from the digestive tract, 
and from microbial residues, is referred to as metabolic faecal nitrogen (or protein). 
If the animal continues to eat, then it will continue to lose nitrogen in its faeces. 


Nutrient requirements for maintenance 


Table 14.5 Examples of the weekly workload of horses in the light, moderate, 
heavy and very heavy exercise categories 


Exercise Mean Description (hours/week) Types of events 
category heart rate 
(beats/min) 

Light 80 1-3 (40% walk, 50% trot, Recreational riding 

10% canter) Beginning training 
Show horses (occasional) 

Moderate 90 3-5 (30% walk, 55% trot, Recreational riding 
10% canter, 5% low School horses 
jumping) Show horses (frequent) 

Heavy 110 4-5 (20% walk, 50% trot, Ranch work 
15% canter, 15% gallop Polo 


Very heavy 110-150 


and jumping) 


Various, ranging from 
1 hour per week of speed 


Low/medium-level eventing 
Race training (middle stages) 
Racing (speed or endurance) 
Elite three-day eventing 


work to 6-12 hours of 
slow work 


Adapted from National Research Council 2007, Nutrient Requirements of Horses, Washington, DC, 
National Research Council. 


It is less obvious, perhaps, why an animal on a nitrogen-free diet should continue 
to lose nitrogen in its urine. In part, this excretion represents nitrogen that has been 
incorporated into materials that are subsequently expended and that cannot be re- 
covered for reuse within the body. For example, the creatine of muscles is eventually 
converted into creatinine, which is excreted in the urine. However, by far the greater 
part of the nitrogen in the urine of animals fed on a nitrogen-free diet is in the form 
of urea (in mammals), the typical by-product of amino acid catabolism, which arises 
from the turnover of body protein, as described in Chapter 11. The rate of protein 
turnover varies considerably from one tissue to another, with some proteins, such as 
those in the liver and intestines, being replaced in hours or days, and others, such as 
those in bone and nerve tissue, being replaced in months or years. The amino acids 
released when body proteins are broken down form a pool from which replacement 
proteins can be synthesised. An amino acid may therefore be present in the liver one 
day and in muscle protein the next. In effect, body proteins exchange amino acids 
among themselves. However, like protein synthesis from absorbed amino acids, this 
recycling is not completely efficient. Amino acids derived from one protein may not 
be required in the next. Consequently, they are catabolised and the nitrogen con- 
verted to urea, which is subsequently excreted in urine. 

When an animal is initially placed on a nitrogen-free diet, the quantity of nitrogen 
in its urine falls progressively for several days before stabilising at a lower level. 
When nitrogen is reintroduced, there is a similar lag in the re-establishment of equi- 
librium. This suggests that animals possess a protein reserve that can be utilised in 
times of scarcity and restored in times of plenty. The tissues most readily depleted in 
times of scarcity are those that are metabolically the most active and where the pro- 
teins are most labile, such as the liver. Depletion of liver nitrogen is associated with 
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some reduction in enzyme activity, and the reserve protein is therefore considered to 
be a ‘working reserve’, which consists of the cytoplasmic proteins themselves. 

Once the reserve protein has been depleted, urinary nitrogen excretion reaches a 
minimal and approximately constant level. However, this level will be maintained 
only if energy intake is adequate. If tissue protein is catabolised specifically to pro- 
vide energy, then urinary nitrogen excretion will increase again. The amount of nitro- 
gen excreted at this minimal level is known as the endogenous urinary nitrogen and 
represents the smallest loss of body nitrogen commensurate with the continued exis- 
tence of the animal. Endogenous urinary nitrogen can therefore be used to estimate 
the nitrogen (or protein) requirement for maintenance. It is analogous to basal me- 
tabolism, and in fact there is a relationship between the two. The proportionality 
commonly quoted is 2 mg endogenous urinary nitrogen per kcal basal metabolism 
(about 500 mg/MJ). For adult ruminants, however, the ratio is somewhat lower, at 
300-400 mg endogenous urinary nitrogen per MJ fasting metabolism. The reason for 
this is that ruminants on low-protein diets are capable of recycling urea back to the 
rumen or large intestine. As a consequence, nitrogen that would be excreted in the 
urine of non-ruminants is subsequently excreted in the form of microbial residues. 
The total or basal endogenous nitrogen is calculated as the sum of endogenous uri- 
nary nitrogen plus metabolic faecal nitrogen. For ruminants, basal endogenous ni- 
trogen is approximately 350 mg N/kg W°-”> and is equivalent to 1000-1500 mg/MJ 
fasting metabolism, which is two or three times higher than that in non-ruminants. 

When nitrogen is reintroduced into the diet, the quantity of nitrogen excreted in 
the urine increases because of the inefficiency of utilisation of amino acids derived 
from the diet. Urinary nitrogen excreted in excess of the endogenous component is 
known as exogenous urinary nitrogen.This name implies that such nitrogen is derived 
from food and not from body origin. However, with the exception of the creatinine 
fraction of the endogenous portion, it is doubtful whether such a strict division is 
justified. It is better to regard the so-called exogenous fraction as the extension of an 
existing nitrogen loss rather than an additional loss because it reflects mainly an in- 
crease in protein turnover and the inefficiency of amino acid utilisation. 

The quantity of nitrogen (or protein) required for maintenance is that which will 
balance the endogenous urinary and metabolic faecal losses of nitrogen (and also the 
small dermal losses in hair, scurf and sweat). The two most common methods used to 
measure these losses are analogous to those employed to measure energy require- 
ments for maintenance. The first, analogous to the determination of fasting catabo- 
lism, involves measuring the animal’s nitrogen losses when it is fed on a nitrogen-free 
diet, and calculating the quantity of food nitrogen required to balance these losses. 
The second, analogous to the measurement of maintenance requirements using feed- 
ing trials (see p. 348), involves measuring the nitrogen intake required to produce 
nitrogen equilibrium. 


Feeding standards for maintenance (protein) 


Ruminants 


The starting point for the factorial calculation of the protein requirements of rumi- 
nants adopted by AFRC (1993) is basal endogenous nitrogen (BEN) excretion, which 
can be predicted as follows: 


BEN (g N/day) = 0.35 W®75 


Nutrient requirements for maintenance 


For a 600 kg cow the BEN loss would be 42.4 g/day. In cattle, dermal losses in hair 
and scurf are predicted to be 0.018 W9-75, which gives an additional loss of 2.2 g/day, 
and a total loss of 44.6 g/day (or 279 g protein). In the UK metabolisable protein 
system described in Chapter 13, absorbed amino acids are assumed to be utilised for 
maintenance with an efficiency of 1.0. Consequently, the metabolisable protein 
requirement for maintenance (MP,,) of a 600 kg cow would be 279 g/day. The ap- 
proach adopted by AFRC (1993) has been criticised on the basis that estimates of 
BEN were derived from studies conducted with animals nourished by intragastric 
infusion and therefore lacking a fully functional rumen. In addition, it does not differ- 
entiate between endogenous urinary nitrogen and metabolic faecal nitrogen, which 
is now known to vary directly with level of feeding. 

Perhaps the greatest area of uncertainty in the estimation of protein requirements 
for maintenance is associated with the prediction of metabolic faecal nitrogen and the 
extent to which endogenous nitrogen secreted into the gut contributes to metabolic 
faecal nitrogen output. The approach described by NRC (2001) and adopted by FiM 
(2004) for dairy cows recognises that metabolic faecal protein (MFP) varies directly 
with level of feeding and that much of the endogenous nitrogen entering the diges- 
tive tract is reabsorbed, either directly or after degradation and incorporation into 
microbial protein. Endogenous urinary protein (EUP, g/day) and dermal losses in 
hair and scurf (g/day) are predicted as 4.1W°° and 0.3 W°™, respectively, whereas 
MFP (g/day) is predicted from dry matter intake (DMI, kg/d) as 30 x DMI. This 
approach recognises that some of the microbial protein synthesised in the rumen is 
indigestible in the small intestine but may be degraded and absorbed in the large 
intestine, and it assumes that 50 per cent of the indigestible microbial protein reach- 
ing the hind gut is excreted in the faeces. Finally, a correction for endogenous protein 
is included, which again recognises that the excretion of enzymes and sloughed cells 
varies directly with level of feeding. Therefore, MP,, is predicted as follows: 


MP,, = 4.1 W° + 0.3 W®60 + 30 DMI — 0.5((DMTP/0.8) — DMTP) 
+ 2.34 DMI 


where DMI = dry matter intake (kg/day) and DMTP = digestible microbial true 
protein (g/d). 

The protein requirements for maintenance adopted by CSIRO (2007) are based 
on ARC (1980), but they specify separate estimates for EUP and MFP and recognise 
that MFP varies directly with level of feeding. For B. taurus breeds of cattle, EUP is 
predicted as follows: 


EUP (g/day) = 16.1 In W — 42.2 


For B. indicus breeds, the predicted quantity is reduced by 20 per cent. For sheep, 
EUP is predicted as follows: 


EUP (g/day) = 0.147 W + 3.375 


For both cattle and sheep, MFP is predicted as 15.2 g/kg DMI, and dermal losses 
(g/day) are predicted as AFRC (1993) as 0.11 W°-79(0.018 W° :75 x 6.25). 

As indicated above, most of the protein systems for ruminants (see Chapter 13) 
used around the world base their estimates of protein requirements for maintenance 
on endogenous losses of nitrogen but use different factors to translate endogenous 
losses into dietary requirements. For example, using the UK metabolisable protein 
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system, the MPn of a 600 kg cow can be calculated to be 279 g/day (as above). This 
protein is likely to be derived from microbial protein (MCP). When an allowance is 
made for the proportion of true protein in MCP (0.75) and for the digestibility of 
this true protein (0.85), the requirement for MCP is: 


MCP for maintenance (g/day) = 279/(0.75 x 0.85) 
= 438 g 


The quantity of MCP produced in the rumen depends on the quantity of organic 
matter fermented and hence on the quantity of fermentable metabolisable energy 
(FME). For cattle fed at a maintenance level, the relationship is quantified as approx- 
imately 9 g MCP per MJ FME. Consequently, if the FME intake of the cow is 53 MJ/day 
(approximates to its energy requirement for maintenance), the quantity of MCP sup- 
plied would be 53 x 9 = 477 g/day. As can be seen, MCP alone (i.e. without any con- 
tribution from digestible undegradable protein, DUP) should be sufficient to meet 
the animal’s requirement for maintenance. In fact, for ruminants, it is often the 
case that a diet that satisfies the energy requirement for maintenance of the animal 
and the protein or nitrogen requirement of the rumen microorganisms will also sat- 
isfy the animal’s protein requirement for maintenance. 

The final step in the calculation might be to estimate the minimum level of protein 
required in the cow’s diet. As microbial protein supply, and hence the protein re- 
quirement of the rumen microorganisms, is greater than the animal’s requirement, the 
diet must supply sufficient effective rumen-degradable protein (ERDP) for the rumen 
microorganisms. Thus, ideally the diet should provide protein with a high degradabil- 
ity. If the diet had an FME content of 8 MJ/kg DM, then the quantity required would 
be 53/8 = 6.6 kg/day and the ERDP content required would be 477/6.6 = 73 g/kg 
DM. This is similar to low- or medium-quality grass silage. At the low rumen outflow 
rate expected at maintenance levels of feeding (0.02), protein degradability of silage 
would be about 0.7, so the minimum protein content of the silage would need to be 
73/0.7 = 104 g/kg DM. This diet would also supply about 15 g/kg DM of DUP, 
although the animal would not require this for maintenance. 


Pigs and poultry 


As with energy, the protein requirements of pigs and poultry are usually stated for 
maintenance and production together. However, it is possible to calculate the require- 
ments of these animals for maintenance alone from endogenous losses. For example, 
BSAS (2003) predicts that the protein requirement for maintenance of pigs can be met 
by supplying 0.9 g of standardised ileal digestible protein (see Chapter 13) per kg W9-75 
per day. The recommended lysine requirement of pigs for maintenance is calculated 
as 5.4 per cent of the standardised ileal digestible protein requirement. 


Horses 


For horses, protein requirements are stated in terms of crude protein (CP), and the 
maintenance requirements published by NRC (2007) have been estimated by regress- 
ing nitrogen intake against nitrogen retention to give an average nitrogen require- 
ment for maintenance of 0.202 g N/kg/day, which is equivalent to a CP requirement 
of 1.26 g/kg/day. However, based on variation in maintenance requirements between 
horses and the assumption that more active horses have more lean tissue to support, 
three levels for maintenance are provided, similar to those described for energy. 


14.2 


Nutrient requirements for growth 


Thus, the minimum CP requirements for maintenance of sedentary and more active 
horses are predicted as 1.08 and 1.44 g/kg/day, respectively. 

In addition to protein required for maintenance, horses that are undertaking work 
(exercise) require additional protein for muscle gain (MG) and sweat loss (SL). The 
CP required for MG depends on the level of exercise intensity, and NRC (2007) esti- 
mates the requirement to be 0.089, 0.177, 0.266 and 0.354 g/kg W for horses under- 
taking light, moderate, heavy and very heavy exercise, respectively (see Table 14.5). 
Sweat loss also increases with exercise intensity and has been estimated to be 0.25, 
0.50, 1.00 and 2.00 per cent of body weight for horses in each exercise category. On 
average, the CP content of sweat is 7.8 g/kg. If the efficiency of protein utilisation is 
assumed to be 50 per cent and the digestibility of dietary protein is assumed to be 
79 per cent, then the additional protein requirement for exercise can be predicted as 
follows: 


CP exercise (g/day) = (MG x W) + [(SL x 7.8 x W)/0.633] 


The recommended lysine requirement of horses for maintenance and exercise is 
calculated as 4.3 per cent of the CP requirement. 


NUTRIENT REQUIREMENTS FOR GROWTH 


As animals grow they increase in both size and weight. All animals start their lives as a 
single cell weighing almost nothing, and then grow to reach mature weights that range 
from 2 kg for a laying hen to over 1000 kg or more for a bull. The pattern by which 
animals grow from conception to maturity can be represented by a sigmoid (s-shaped) 
curve, as presented in Fig. 14.2. During the foetal period and from birth to puberty, 
the rate of growth increases; after puberty, it progressively decreases as the animal 
reaches maturity. In practice, a number of factors such as the animal’s environment 
and nutrition may cause its growth to deviate from this sigmoid curve. Periods of 
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Fig. 14.2 The typical sigmoid growth curve of a dairy cow. 
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food scarcity (cold or dry seasons) may retard growth or even cause the animal to lose 
weight, after which periods of food abundance will allow the animal to grow more 
rapidly. In general, animals kept under conditions of so-called “intensive” husbandry 
will follow the growth curve illustrated in Fig. 14.2, whereas those kept under natural 
(extensive) conditions will follow more interrupted curves, with their overall growth 
rate being more variable than the idealised pattern. 

As animals grow, not only do they increase in size and weight but also they show 
what is termed development. By this we mean that the various parts of the animal, 
defined as anatomical components (e.g. legs), organs (e.g. liver) and tissues (e.g. mus- 
cle) grow at different rates, so that as the animal grows its proportions change. For 
example, in cattle, the birth weight of a calf is approximately 40 kg and the head, 
which is relatively large, accounts for 6.2 per cent of its body weight. However, by 
the time the calf reaches 100 kg, the head accounts for only 4.5 per cent of its body 
weight and this proportion continues to decline until the animal reaches maturity. In 
the 1940s, John Hammond, at Cambridge University, described the development of 
animals as a series of ‘growth waves’. For example, in relation to the major tissues, 
during early life (including prenatal life) nerve and bone tissues are given priority for 
nutrients and grow rapidly, later muscle has priority, and finally adipose tissue grows 
the most rapidly. When animals grow fast, these waves of growth overlap each other, 
such that a fast-growing animal will begin to deposit substantial amounts of fat 
whilst muscle growth is still in progress. 

Animal growth and animal nutrition are inherently linked, in the sense that one 
can influence the other. The growth pattern of an animal determines its nutrient re- 
quirements. Conversely, by altering its nutrition, an animal’s growth pattern can be 
modified. Another aspect of this interaction is that the growth pattern of an animal 
determines the composition of the product of growth (i.e. meat), and so affects the 
consumer of meat, man. 

When feeding animals for meat production, farmers are often aiming to produce 
carcasses with a particular specification in terms of weight and composition. How- 
ever, animals used for other purposes, such as reproduction, milk or egg production, 
may need to follow growth patterns that differ from those of meat animals. The main 
objective of this section of the chapter is to show how nutrient requirements for 
growth are determined and how they may vary, depending on the nature of the ani- 
mal and the purpose for which it is kept. A secondary objective is to show how ani- 
mal growth and development may be modified by control of nutrition. Although 
growth starts from conception, that which occurs in utero (or in the avian egg) forms 
a specialised subject that is covered in Chapter 15. This section is concerned solely 
with postnatal growth. 


The chemical composition of gain 


Although growth and development can be measured in terms of body parts, organs 
and tissues, nutritionists are primarily interested in growth of the chemical compo- 
nents that make up an animal’s body, because this determines their nutrient require- 
ments. Protein, water and ash (together with essential lipids such as phospholipids and 
carbohydrates such as glycogen), are combined in relatively constant proportions to 
form the lean body mass of an animal referred to earlier (see p. 270). In addition, the 
animal contains a variable proportion of storage lipid. Both protein and lipid contribute 
to the energy content of the body. In addition to these integral components, the body 
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Fig. 14.3 Growth of protein, fat and energy in cattle. 


Plotted from the data of the Agricultural Research Council 1980 The Nutrient Requirements of Ruminant 
Livestock, Farnham Royal, Commonwealth Agricultural Bureaux. 


also contains the extraneous and variable gut and bladder contents. The growth of all 
these components can be investigated by slaughtering and analysing animals at suc- 
cessive stages of growth. Figure 14.3 presents the results of a large data set showing 
the body composition of cattle, with the weight of each body component being plot- 
ted against empty body weight, which is liveweight minus gut and bladder contents. 

Figure 14.3 shows that as the empty body weight of an animal increases, the 
weights of all the chemical components that make up the body increase, but at dif- 
fering rates. Fat is deposited at an increasing rate and the lean body components 
(exemplified in Fig. 14.3 by protein) are deposited at decreasing rates. The energy 
content of the body increases in a similar way to the fat content. The relationship 
between the weight of each component and empty body weight appears to be curvi- 
linear. However, when all the weights are expressed as their logarithms, the relation- 
ships can be described by straight lines. 

The equations for the logarithmic relationships are of the form: 


logy = logb + alog x 


where y = weight of the component and x = empty body weight. The algebraic form 
of this equation is: 


y = bx? 


Such equations are known as allometric equations and were first introduced by J S 
Huxley in 1932. The coefficient a is known as the growth coefficient and is a measure of 
the rate of growth of a part relative to the rate of growth of the whole animal. If it has a 
value greater than unity, then the part is growing faster than the whole, and its contribu- 
tion to the whole is increasing. The part in question is thus described as a late-maturing 
part. Conversely, if the growth coefficient is less than unity, then the part’s contribution 
to the whole is decreasing and the part can be described as early-maturing. 
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Table 14.6 Composition of the empty body weight (EBW) gain 
made by cattle of a medium-sized breed 


Empty body Protein Fat Energy 
weight (kg) (g/kg) (g/kg) (MJ/kg) 
50 181 86 7.65 
100 167 148 9.76 
150 160 204 11.80 
200 155 256 13.72 
300 148 353 17.36 
400 144 442 20.77 
500 140 527 24.01 


Logio protein = 0.8893 x log;) EBW — 0.5037 
Logio fat = 1.788 x logo EBW — 2.657 
Energy = 23.6 X protein + 39.3 X Fat 


Adapted from Agricultural Research Council 1980 The Nutrient Requirements 
of Farm Livestock, Farnham Royal, Commonwealth Agricultural Bureaux. 


Differentiation of the allometric equations allows the composition of empty body 
weight gain to be determined for any particular body weight or range in body 
weights. Table 14.6 illustrates this procedure when applied to the data used to derive 
Fig. 14.3. The table shows that as the animal grows, the composition of its empty 
body weight gain changes in accordance with Hammond’s growth waves. In early 
life, the gain consists mainly of the water, protein and minerals (ash) required for 
growth of bone and muscle; later, the gain contains a higher proportion of fat and as 
a result its energy content increases. 

Allometric equations can be used to study growth in other ways. For example, the 
range of chemical components could be widened to include individual amino acids 
or mineral elements, with the analysis being used to define the requirements for 
these nutrients. They can also be applied to particular organs or tissues. 

Although the principal factor influencing the composition of gain made by grow- 
ing animals, and hence their nutrient requirements for growth, is their body weight, 
there are other factors that affect the composition of gain. Animal species is an obvi- 
ous factor. At a specific weight, small species (low mature weight) will be at a more 
advanced stage of growth and maturity than large species. For example, at a liveweight 
of 60 kg the composition of gain made by sheep contains approximately 500 g/kg fat, 
whereas that of cattle contains only 75 g/kg.The composition of gain made by several 
species is presented in Table 14.7. 

If at a given empty body weight the composition of gain differs between small 
and large species, then it seems logical that within a species, the composition of 
gain will differ between small and large breeds. Table 14.8 illustrates this effect in 
cattle. It seems that the real determinant of the composition of gain is not absolute 
body weight but rather body weight relative to the mature weight of the animal. 
This theory is supported by looking at the effects of sex on the composition of gain 
(also presented in Table 14.8). Females are generally smaller than males at maturity. 
Consequently, at a specific weight their gain contains more fat and energy than that 
of males. Castrates tend to be intermediate between males and females. 
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Table 14.7 Percentage composition and energy content of the gain made by 
animals of various ages and liveweight 


Liveweight 
Animal (kg) Age Composition of gain (g/kg) 


Energy 
Water Protein Fat Ash (MJ/kg) 


Fowl (White Leghorn 0.23 4.4 weeks 695 222 56 39 6.2 


pullets, slow 0.7 11.5 weeks 619 233 86 37 10.0 
growth) 1.4 22.4 weeks 565 144 251 22 12.8 
Sheep (Shropshire 9 1.2 months 579 153 248 22 13.9 
ewes) 34 6.5 months 480 163 324 31 16.5 
59 19.9 months 251 158 528 63 20.8 

Pig (Duroc-Jersey 23 _ 390 127 460 29 21.0 
females) 45 _ 380 124 470 28 21.4 
114 _ 340 110 520 24 23.3 

Cow (Holstein heifers) 70 1.3 months 671 190 84 — 7.8 
230 10.6 months 594 165 189 — 11.4 

450 32.4 months 552 209 187 - 12.3 


Adapted from Mitchell H H 1962 Comparative Nutrition of Man and Domestic Animals, Vol. 1, New York 
and London, Academic Press. 


Table 14.8 Differences between breeds and sexes in the body composition of 
cattle of 300 kg empty body weight 


Component Breed Sex 
Male Castrate Female 
Protein (g/kg) Aberdeen-Angus 172 161 150 
Holstein 186 187 167 
Fat (g/kg) Aberdeen-Angus 190 227 314 
Holstein 136 172 213 


Calculated from the data of Ayala H J 1974. PhD thesis, Cornell University, Ithaca, NY, USA. 


A final factor influencing the composition of gain is the growth rate of the animal. 
From the growth wave theory it seems logical that immature animals with limited 
nutrients available for growth, and therefore growing slowly, will use them for bone 
and muscle growth, whereas animals with more nutrients available will also store fat. 
Thus, the fat content (g/kg) of the gain of a pig growing at 0.9 kg/day is likely to be 
greater than that of a pig growing at 0.3 kg/day. This is commonly the case, although 
the effect is small in very immature animals and in genotypes selected for restricted 
fat deposition. 


Feeding standards for growth (energy) 


Ruminants 


The UK Agricultural Research Council (ARC 1980) analysed data on the body compo- 
sition of a large number of cattle and sheep of different sexes slaughtered at various 
weights and ages. Some of the results of these analyses for cattle are presented in 
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Figs. 14.3 and 14.5. Based on these data, AFRC (1993) predicts that for cattle the 
energy content of the gain made by castrate males of a medium-sized breed can be 
predicted as follows: 


EV, = (4.1 + 0.0332 W — 0.000009 W2)/(1 — 0.1475 LWG) 


where EV, = energy value of liveweight gain (MJ/kg), W = liveweight (kg) and LWG 
= liveweight gain (kg/day). 

The first bracketed term in the equation describes the increasing energy content 
of gain as cattle increase in size, and the second term describes the correction for the 
increasing energy content of gain associated with higher liveweight gains. Thus, the 
energy value of the gain (EV,) in a 100 kg animal gaining at 0.5 kg/day is predicted 
to be 7.9 MJ/kg, whereas the EV, in a 500 kg animal gaining at the same rate would 
be 19.9 MJ/kg. The corresponding values for animals gaining at 1.0 kg/day are pre- 
dicted to be 8.6 MJ/kg and 21.6 MJ/kg, respectively. 

To account for the effects of breed and sex on EV,, a simple 15 per cent correc- 
tion factor has been adopted. Thus, for small breeds (early-maturing) and females the 
value predicted is increased by 15 per cent, and for large breeds (late-maturing) and 
males (bulls) the value is reduced by 15 per cent. Thus, a 500 kg female of a small breed 
growing at 0.5 kg/day would be predicted to gain 19.9 x 1.15 x 1.15 = 26.3 MJ/kg. 

For sheep, the data analysed by ARC (1980) showed a large effect of sex on EV,, 
but only a small effect of breed (Merinos having more fat and hence a higher EV, 
than other breeds), and no significant effect of rate of gain. Based on these data, 
AFRC (1993) predicts that for sheep EV, can be predicted as follows: 


Males: EV, = 2.5 + 0.35 W 
Castrates: EV, =44+0.32W 
Females: EV, = 2.1 + 0.45 W 


The predicted EV, of male, castrate and female lambs of 30 kg liveweight would be 
13.0 MJ/kg, 14.0 MJ/kg and 15.6 MJ/kg, respectively. 

In Australia, CSIRO (2007) has adopted an ingenious approach that allows the EV, 
of both cattle and sheep, of almost any breed and of any rate of gain, to be predicted 
using a simple set of equations. The basis of the approach adopted by CSIRO (2007) 
is to allocate a ‘standard reference weight’ (SRW) to each class of animal, which is 
defined as ‘the liveweight that would be achieved by that animal when skeletal de- 
velopment is complete and the condition score is in the middle of the range (i.e. con- 
dition score 3 for beef and sheep)’. Thus, the SRW varies between breeds and sexes 
and is higher for large (late-maturing) breeds than for small (early-maturing) breeds. 
Similarly, the SRW for bulls is higher than that of castrates and females. For example, 
male, castrate and female Friesian cattle are allocated SRW of 770 kg, 660kg and 
550 kg, respectively. The main variables for the prediction of EV, are the liveweight 
of the animal relative to its SRW and its rate of gain (R), as follows: 


NE, = (a + cR) + (b — cR)/[1 + exp 2-0-4) 


where Z = current W/SRW, R = adjustment for rate of gain or loss = (L — 2), where L 
is level feeding (MEI/ME,,), and a, b and c = coefficients used in the equation (a = 
6.7, b = 20.3 and c = 1.0). 

Using this equation, the NE, of a 30 kg castrated Suffolk lamb (SRW 66 kg) fed at a 
level of twice maintenance would be 19.2 MJ/kg, which is higher than that predicted 
by AFRC (1993). Although this approach has proved suitable for all breeds of sheep 
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and most breeds of cattle, it has had to be modified for large European breeds, such 
as the Charolais and Simmental. These breeds are capable of making gains that are 
unusually low in fat and hence energy content. In the USA, the NRC (2000) has also 
adopted the concept of a standard reference weight to calculate the energy require- 
ments for gain in cattle. 


Pigs 

In the UK, the energy requirements for growth of pigs are published by BSAS (2003) 
and expressed in terms of NE. Three pig types are defined, which differ in their 
growth characteristics, in particular the rate of protein deposition: exceptionally lean 
and fast-growing (maximum rate of protein retention 0.230 kg/day), intermediate 
(maximum rate of protein retention 0.170 kg/day) and commercial (maximum rate 
of protein retention 0.120 kg/day). The effects of sex are not specifically accounted 
for, but males are considered to be lean and fast-growing and castrates are consid- 
ered to be commercial types. The growth of each pig type is modelled and NE 
requirements for both maintenance and growth are presented for pigs in different 
weight categories. The fixed factors in the model are the NE requirements for main- 
tenance plus activity (0.750 W®73 x 1.10), as discussed previously, and the energy 
content of protein and fat (23.6 MJ/kg and 39.3 MJ/kg, respectively). The model pre- 
dicts the rate of protein deposition (Pr) and lipid mass (Lt) from the protein mass 
(Pt) of each pig type as follows: 


Pr (kg/day) = B X Pt X In(Ptmax/Pt) 
Lt (kg) = 0.5 x Pt? 


where Ptmax = the asymptote for protein mass (50, 40 and 30 kg for lean, intermedi- 
ate and commercial types, respectively), Pt = the present protein mass (kg), B = the 
growth rate parameter (0.0125, 0.0117 and 0.0110 for lean, intermediate and com- 
mercial types, respectively), and b = allometric exponent (1.10, 1.20 and 1.30 for 
lean, intermediate and commercial types, respectively). 

Once the protein and lipid mass are known, the liveweight of the animal can be 
calculated from its body composition as the sum of its water, ash, protein and lipid 
content, assuming that lean tissue contains approximately 238 g/kg protein and that 
gut fill constitutes 60 g/kg liveweight, as follows: 


Liveweight (kg) = (3.62 Pt®?38 + 0.265 Pt??? + Pt + Lt) x 1.06 


By modelling pig growth, the rates of protein and lipid retention at different 
liveweights can be predicted and NE requirements calculated. For example, for a 65 kg 
intermediate-type pig, the model predicts that the rate of protein and lipid retention 
would be approximately 0.172 kg/day and 0.170 kg/day, respectively, and the NE 
requirement would be calculated for maintenance and growth as follows: 


NE = [(0.750 W°'%) x 1.10] + (23.6 x 0.172) + (39.3 x 0.170) 
= 20.8 MJ/day 


The model can also be used to predict animal performance. For example, if the 
NE intake of the pig was restricted to 20.0 MJ/day and the predicted rate of protein 
retention is 0.172 kg/day, the rate of lipid retention can be predicted as follows: 


NE intake = 20.0 MJ/day 
NE for maintenance and activity [(0.750 W°-°) x 1.10] = 10.1 
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NE for production (20.0 — 10.1) = 9.9 

NE for protein deposition (23.6 x 0.172) = 4.1 
NE for fat deposition (9.9 — 4.1) = 5.8 

Fat deposited (5.8/39.3) = 0.147 kg/day 


The energy requirements of growing pigs may also be expressed in terms of ME 
by assuming that the ME requirement for maintenance (MJ/day) is 0.44 W9:75 and 
that the efficiency of ME utilisation for protein and lipid retention is 0.44 and 0.74, 
respectively. Similarly, requirements can be expressed in terms of DE by assuming 
that ME can be predicted as 0.96 X DE. For the example of the 65 kg intermediate- 
type pig given above, the ME and DE requirement would be 29.4 MJ/day and 
30.6 MJ/day, respectively. 

In pigs, the fastest growth is achieved by allowing animals to eat to appetite, and 
most commercial pig types can eat to appetite from birth to slaughter without laying 
down excessive fat. Food intake is the link between nutrient requirements and the 
concentration of nutrients in animal diets, and knowledge of food intake is essential 
for the practical application of feeding standards. Typically the food intake of pigs 
consuming a diet with a NE content of 9.4 MJ/kg (DE 13.2 MJ/kg) would rise grad- 
ually from 1.01 kg/day at 20 kg to 1.96 kg/day at 50 kg and 2.62 kg/day at 90 kg. 
Where the food intake is different from published guidelines, then appropriate 
adjustments should be made to the nutrient concentration in the diet to ensure that 
the nutrient requirements of the pig are satisfied. 


Poultry 


With the exception of birds reared for breeding (see Chapter 15), growing poultry 
are normally fed to appetite, and nutrient requirements are therefore expressed not 
as quantities required per day but as the nutrient concentrations in the diet (see 
Appendix 2, Table A2.10). 

As explained in Chapter 17, the quantities of food eaten by poultry are inversely 
related to the concentration of energy in their diets. This means that if the energy con- 
centration of a diet is increased without a corresponding change in the concentration of, 
for example, protein, then the birds will begin to eat less of the diet. Consequently, 
although their energy intake may remain approximately the same, their protein intake 
will fall and the birds may be deficient in protein. In general, a nutrient concentration 
that is adequate for a diet of low energy content may be inadequate for a diet of higher 
energy content. It follows that feeding standards expressed as nutrient concentrations 
are satisfactory only when applied to a diet with a specific energy concentration. The 
standards presented in Appendix 2, Table A2.10 for chicks up to 6 weeks of age are ap- 
propriate to diets containing 11.5 MJ ME/kg and would need to be adjusted for diets 
containing more or less energy. Some adjustments are discussed later in this chapter. 


Horses 


The energy requirements of growing horses (DE, MJ/kg gain) published by NRC 
(2007) are derived from published studies in which the energy intake and growth rate 
of horses were recorded. The DE requirement for gain was estimated by subtracting 
the DE requirement for maintenance from the DE intake and dividing by the daily 
gain. Using these data the DE requirement for gain (MJ/kg gain) can be predicted 
from the age of the animal in months (x) as: 


DE (MJ/kg gain) = 8.33 + 5.06x — 0.088 x? 


Nutrient requirements for growth 


Note that the likely effects of breed, sex and rate of gain on the energy require- 
ments for gain are not taken into account by this equation. For a horse of 12 months 
oÍ age, this equation predicts that the energy requirement for gain would be 56.4 MJ/kg. 
Using the French NE system, the energy requirement for growth is estimated using 
an allometric equation, which varies with age and rate of gain. 


Feeding standards for growth (protein) 


Ruminants 

In the UK, the protein requirements of growing animals are estimated using the fac- 
torial approach described earlier (see p. 358), with the protein requirement for growth 
being added to the protein requirements for maintenance to give the total protein 
requirement. In cattle, the net protein requirement for growth (NPg, g/day) is pre- 
dicted from the animal’s liveweight and its rate of gain (LWG, kg/day) as follows: 


NP, = LWG x (168.07 — 0.16869 W + 0.0001633 W°) 
X (1.12 — 0.1223 LWG) 
The predicted value is increased by 10 per cent for bulls and large breeds and 
reduced by 10 per cent for heifers and small breeds. Thus, the NP, of a 300 kg bull 
of a large breed gaining at 1.2 kg/day would be calculated as 128 x 1.10 x 1.10 x 


1.20 = 186 g/day. In sheep, NP, is also calculated from liveweight but, as with energy, 
no account is taken of rate of gain, as follows: 


Males and castrates: MP, = LWG x (160.4 — 1.22 W + 0.0105 Ww?) 
Females: MP, = LWG x (156.1 — 1.94 W + 0.0173 W2) 


The approach adopted by CSIRO (2007) to calculate the protein requirement for 
gain is similar to that described for energy (see p. 355), with the NP, being calcu- 
lated from the liveweight of the animal relative to its standard reference weight 
(SRW) and its rate of gain as: 


NP, = (a — cR) — (b — cR)/[1 + exp( 6(Z 0.2) 


where Z = W/SRW, R = adjustment for rate of gain or loss = (L — 2), where L = level 
of feeding (MEI/ME,,), and a, b and c = coefficients used in equation (a = 5.0, 
b=3.3and c = 0.1). 

Using this equation, the NP, of a 300 kg bull of a large breed (SRW 770 kg) fed 
at twice maintenance would be approximately 142 g/kg, which is slightly lower than 
the 154 g/kg predicted by AFRC (1993). In the USA, NRC (2000) adopts a similar 
approach to that used by CSIRO (2007). 

As stated previously, most protein systems for ruminants use different factors to 
translate NP requirements into MP and dietary protein requirements. Using the UK 
metabolisable protein system, the efficiency of MP utilisation for gain in both cattle 
and sheep is assumed to be 0.59. Thus, using the example given above, the MP 
requirement for gain would be 186/0.59 = 315 g/day. When this is added to the MP 
requirement for maintenance (166 g/day), the total MP requirement would be 481 
g/day. If the fermentable metabolisable energy (FME) intake is 64 MJ/day, the micro- 
bial protein yield would be 64 x 10 = 640 g/day, which would supply 640 x 0.75 x 
0.85 = 408 g of the animal’s MP requirement. The MP deficit, 481 — 408 = 73 g/day, 
would need to be supplied from digestible undegradable protein (DUP). Thus, the 
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diet would need to supply 640 g/day of effective rumen-degradable protein (ERDP) 
and 73 g/day of DUP. If the bull’s dry matter intake was 6.2 kg/day, the dietary con- 
centrations required would be 103 g/kg and 11.8 g/kg DM, respectively. 

In the previous example of the calculation of protein requirements, the require- 
ment was calculated for maintenance only and could be satisfied by microbial protein 
supplied from the rumen. However, in young, rapidly growing animals, the protein 
requirement is relatively high compared with the energy requirement. Consequently, 
protein synthesis in the rumen is not always sufficient to satisfy the animal’s require- 
ments, and there is a need for undegradable dietary protein (UDP). To keep the cor- 
rect balance between rumen-degradable and -undegradable protein, a source of UDP 
would probably need to be included. Alternatively, the total protein content of the 
diet could be increased. This might then supply sufficient UDP but would oversupply 
degradable protein. Suckled animals at grass have a good supply of DUP, as milk 
protein bypasses the rumen via the oesophageal groove (see p. 172), and have a good 
supply of ERDP from other foods such as grazed grass. 


Pigs and poultry 


In addition to a general requirement for protein, non-ruminant animals have a spe- 
cific dietary requirement for the ten or so essential (or indispensable) amino acids. 
Over the past 30 years many experiments have been conducted to determine the 
quantitative requirements for essential amino acids, and protein requirements have 
now been supplemented (or even replaced) by requirements for some or all of these 
amino acids. Requirements may also be stated in terms of ‘ideal protein’ (protein 
containing essential amino acids in exactly the proportions required by the animal) 
or ‘standardised ileal digestible amino acids’, as explained in Chapter 13. 

In some circumstances it is possible to express protein requirements in terms of 
total protein alone, for example if animals are fed on a limited range of foods of 
known amino acid composition. This is the case for growing pigs in the USA that are 
fed mainly on maize and soya bean meal. Such a simplified approach cannot be sus- 
tained when a wider range of foods and by-products are used, and when diets must 
be formulated not only to maximise growth but also to optimise carcass composi- 
tion. Feed compounders therefore formulate pig diets to meet the requirements for 
at least three amino acids (lysine, methionine + cystine and threonine). They will also 
take into account the availability of certain amino acids, assessed from digestibility 
at the terminal ileum (as explained in Chapter 10). 


The requirements of pigs and poultry for essential amino acids 


The requirement for an essential amino acid is assessed by feeding diets containing 
different levels of the amino acid in question, but equal levels of the remaining 
acids, and measuring growth or nitrogen retention. Diets differing in the content of 
one amino acid may be prepared from foods that are deficient in that amino acid, 
to which measured amounts of the pure amino acid are added. Figure 14.4 shows 
the outcome of an experiment to determine the lysine requirement of chicks in 
which a diet low in lysine was supplemented to give diets ranging from 7g/kg to 
14 g/kg lysine. From this experiment, it was concluded that the lysine requirement 
was 11 g/kg. In more recent experiments, it has been found to be more convenient 
to use synthetic diets in which much or all of the nitrogen is in the form of pure 
amino acids. 
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Fig. 14.4 Growth of chicks given diets containing different levels of lysine. 


Plotted from the data of Edwards H M, Norris L C and Heuser G F 1956 Poultry Science 35: 385. 


Requirements for essential amino acids in poultry and pigs have been devised, 
and some of these are presented in Appendix 2, Tables A2.9 and A2.10. However, 
there are considerable complications associated with defining amino acid require- 
ments because of interactions between the essential amino acids, between essential 
and non-essential amino acids, and between amino acids and other nutrients. In 
chicks, the requirement for glycine is increased by low concentrations of methionine, 
arginine or B vitamins. Similarly, one amino acid may be converted to another. For 
example, if cystine or its metabolically active form cysteine is deficient in the diet, it 
can be synthesised by the animal from methionine. The requirement for methionine 
is therefore partly dependent on the cystine (or cysteine) content of the diet, and the 
two amino acids are often considered together (i.e. the requirement is stated for 
cystine + methionine). It should be noted, however, that the two are not mutually 
interconvertible; methionine is not synthesised from cystine and therefore part of 
the total requirement must always be met by methionine. Phenylalanine and tyrosine 
have a similar relationship, and in the chick glycine and serine are interconvertible. 

Further complications also arise from the relationships between amino acid re- 
quirements and the total protein content of the diet. If the latter is altered to com- 
pensate for a change in energy content, then the amino acid requirements will also 
change. For this reason, amino acid requirements are sometimes expressed as g/MJ 
of DE or ME. 

Formulating diets to meet the requirement for 10 or 11 essential amino acids is 
likely to be difficult, as in theory there is almost unlimited scope for adjusting dietary 
components (including synthetic amino acids) to ensure that the essential amino 
acid supply matches the requirement. However, in practice the relative proportions of 
different amino acids supplied by the diet often fail to match the requirements, and 
they are inefficiently utilised because one or two amino acids are very markedly 
deficient. By comparing the amino acid requirements with the amino acid composi- 
tion of typical diets, it has been shown that the ‘first-limiting’ amino acid for pigs is 
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lysine, whereas for chicks the ‘first-limiting’ amino acid is commonly methionine, 
although lysine and arginine may also be deficient. 

In the UK the net protein (NP, kg/day) requirement of growing pigs is predicted 
from the protein requirement for maintenance (NP,,) and the rate of protein reten- 
tion (Pr). As stated previously, BSAS (2003) predicts NP, as 0.0009 W9-75, and Pr 
using the equation presented on p. 367. The net lysine requirement is assumed to be 
5.8 per cent and 7.0 per cent of the maintenance and retained protein requirement, re- 
spectively, and, on the assumption that amino acids are supplied in balanced propor- 
tions, the efficiency of utilisation of absorbed amino acids is assumed to be 0.82 
(lower efficiencies (0.74-0.82) may be appropriate for some diets). In addition, the 
basal endogenous loss of lysine is assumed to be 5 per cent of ingested lysine. Thus, the 
standardised ileal digestible lysine requirement (SIDL, kg/day) is calculated as follows: 


SIDL = {[(0.0009 W®75 x 0.058) + (Pr x 0.07)]/0.82} x 1.05 


The dietary lysine requirement is calculated by assuming that the ileal digestibility 
of lysine is 0.84.The balance of the other essential amino acids required is expressed 
relative to lysine, where lysine equals 1.0 (Table 14.9). The minimum requirement for 
non-essential amino acids, and hence the total protein requirement, is calculated as 
2.5 times the sum of the requirement for essential amino acids. 

In practice, when formulating diets for pigs and poultry, it is essential to ensure that 
the diet provides sufficient protein and adequate levels of the most limiting amino acids 


Table 14.9 Example of the calculation of the essential amino acid requirement 
and the total protein requirement of a 65 kg intermediate-type growing pig 
retaining 0.172 kg protein per day 


Essential amino acid Ideal balance of Standardised ileal Dietary amino 
essential amino digestible amino acid requirement 
acids relative to acid requirement (g/day)? 


lysine (g/day) 
Lysine 1.00 16.9 20.1 
Methionine 0.30 5.1 6.1 
Methionine + cystine 0.59 9.8 11.6 
Threonine 0.65 11.0 13.1 
Tryptophan 0.19 3.2 3.8 
Isoleucine 0.58 9.8 11.7 
Leucine 1.00 16.9 20.1 
Histidine 0.34 5.7 6.8 
Phenylalanine 0.57 9.6 11.4 
Phenylalanine + tyrosine 1.00 19.9 23.7 
Valine 0.70 11.8 14.0 
Total essential amino acids 105.0 124.9 
Total non-essential amino acids 262.5 312.2 
Total protein 367.5 437.1 


*Calculated on the assumption that the standardised ileal digestibility of amino acids is 0.84. 
If true values are known and different, then values should be calculated accordingly. 


Adapted from British Society of Animal Science 2003 Nutrient Requirement Standards for Pigs, Penicuik, 
British Society of Animal Science. 
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Nutrient requirements for wool production 


(lysine and methionine). However, it should be remembered that, for pigs at least, 
total protein requirements have often been set relatively high in order to compen- 
sate for diets containing low-quality protein sources (i.e. those deficient in limiting 
amino acids). However, as more attention is paid to specific amino acids, the total 
quantity of protein required will be reduced. 


Horses 


The protein requirement of young growing horses is expressed by NRC (2007) in 
terms of CP and is calculated as the sum of the CP requirement for maintenance and 
body weight gain. The highest of the three levels of protein required for maintenance 
is adopted on the basis that young growing horses are more active. The protein con- 
tent of body weight gain is assumed to be 20 per cent and the efficiency of utilisation 
of absorbed protein for gain is assumed to vary with the age of the horse. The aver- 
age digestibility of dietary protein is assumed to be 79 per cent. Thus, the crude pro- 
tein requirement is calculated as follows: 


CP (g/kg W) = 1.44 W + [(BWG x 0.20)/E]/0.79 


where BWG = body weight gain (kg/day), E = efficiency of protein utilisation 
(4-6 months = 0.5, 7-8 months = 0.45, 9-10 months = 0.40, 11-12 months = 0.35, 
>12 months = 0.30). 

Although evidence suggests that exercise improves the efficiency of protein utili- 
sation in horses, no allowance is currently included for this. Lysine has been shown 
to be the first limiting amino acid, and the lysine requirement is calculated as 4.3 per 
cent of the CP requirement. The protein requirements of growing horses calculated 
by the French NE system are similar to those predicted by NRC (2007). 


NUTRIENT REQUIREMENTS FOR WOOL PRODUCTION 


Wool fibres grow from follicles formed by invagination of the epidermis, with a bulb 
at the base of the follicle being the site of active cell division. As the blood supply to 
the epidermis is subject to large fluctuations (e.g. in response to environmental tem- 
perature), metabolism of the follicles needs to be protected from variations in oxygen 
and nutrient supply. Consequently, the follicles have stores of energy in the form of 
glycogen and glutamine, which can be released by aerobic or anaerobic glycolysis, 
which is less dependent on a supply of oxygen than the tricarboxylic acid cycle and 
produces lactate (see Chapter 9). Wool fibres consist almost entirely of the protein 
keratin, which is characterised by its high content of the sulphur-containing amino acid 
cystine, which is synthesised from the essential amino acid methionine. Methionine is 
also used by the follicles to synthesise the polyamines required for protein synthesis. 
Thus, wool follicles require a good supply of the sulphur-containing amino acids. 

The weight of wool produced by sheep varies considerably from one breed to an- 
other, and an average value is useful only as an example. The typical annual fleece 
production of a 50 kg Merino would be approximately 5.0 kg, of which about 3.0 kg 
(60 per cent) represents clean dry wool fibres, with the remaining 2.0 kg (40 per 
cent) being wool wax, suint, dirt and water. Wool wax is produced by the sebaceous 
glands and consists mainly of esters of cholesterol and other alcohols, along with the 
fatty acids normally found in glycerides. Suint, the secretion of the sudoriferous 
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glands, is a mixture of inorganic salts, potassium soaps and potassium salts of lower 
fatty acids. 

In order to grow ina year a fleece containing 3.0 kg protein, sheep would need to 
deposit approximately 8.2 g/day of protein or 1.3 g/day of nitrogen. If this latter fig- 
ure is compared with the 6.6 g/day nitrogen that a 50 kg sheep might lose as endoge- 
nous nitrogen, then it can be seen that in relation to its maintenance requirement, 
the sheep’s nitrogen requirement for wool production is relatively small. However, 
these figures do not tell the whole story because the efficiency of amino acid utilisa- 
tion for wool production is considerably lower than that for maintenance. The effi- 
ciency with which dietary protein is converted into wool depends on the relative 
proportions of cystine and methionine. Keratin contains 100-120 g/kg of these 
amino acids, compared with the 20-30 g/kg found in plant proteins and in microbial 
protein synthesised in the rumen. As a consequence, the biological value of food 
protein for wool growth is likely to be not more than 0.3. In the UK metabolisable 
protein system, the efficiency of MP utilisation for wool production is 0.26. 

With regard to energy requirements, wool continues to grow even when sheep are 
chronically undernourished. Consequently, the energy required for wool production 
could be considered as an integral part of the energy requirement for maintenance. 
Indeed, many of the determinations of km and k, in sheep were derived from studies 
conducted with sheep gaining 6.0 g of fleece per day. In the UK, AFRC (1993) sug- 
gests that the NE requirement for wool growth (NE,,) (assuming a rate of fleece 
growth of 5.5 g/day) is either 0.13 MJ/day or 0.25 MJ/day for most breeds and 
wool-producing breeds of sheep, respectively, and the efficiency of ME utilisation for 
wool production (kw) is 0.18. Consequently, the ME requirement for wool produc- 
tion (ME,,) is either 0.72 MJ/kg or 1.4 MJ/day. For most breeds of sheep, this amount 
is relatively small and is usually ignored. The approach adopted by CSIRO (2007) is 
similar to that of AFRC (1993), in that the NEw for fleece growth is assumed to be 
0.13 MJ/day and kw is assumed to be 0.18. However, they accept that the energy 
requirement for maintenance already includes an element for fleece growth, and it is 
suggested that an allowance for wool growth should be included only if wool growth 
exceeds 6.0 g/day. 

As indicated above, nutrient requirements for wool production are relatively 
small. However, wool growth reflects the general nutrition of the animal. Although 
wool continues to grow at submaintenance levels of nutrition, the rate of wool pro- 
duction increases as the plane of nutrition increases and sheep gain in weight. In the 
AFRC (1993) system, the net protein requirement for wool production (NPw) is 
linked to the net protein requirement for growth (NP,) by the following equation: 


NP,, = 3 + 0.1 NP, 


Thus, for a 30 kg male lamb gaining at 0.2 kg/day, the predicted NP, would be 
9.2 g/day and NP,, would be 3.9 g/day. As the efficiency of metabolisable protein 
(MP) utilisation for wool production is 0.26, the MP requirement for wool produc- 
tion would be 15 g/day. 

CSIRO (2007) also recognises that the rate of wool growth, and therefore NP,,, 
varies directly with plane of nutrition. Daily wool growth is predicted from either 
the MP available for wool production or the ME available for wool production, 
whichever is limiting, on the assumption that wool growth is maximised when the 
MP : ME ratio available for wool production is 12.0 g/MJ. If the ratio is less than 12.0 
wool growth is predicted from MP supply, and if the ratio is greater than 12.0 wool 
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growth is predicted from ME supply. For Merino sheep the standard fleece weight 
(SFW) is predicted as 0.1 X standard reference weight (SRW), but this is scaled for 
other breeds of sheep and for supplementation with ‘protected’ sulphur-containing 
amino acids such as methionine. CSIRO also includes a correction for the effects of 
day length and for the delayed maturation of secondary follicles in young lambs. 
Consequently, the daily rate of clean wool growth is predicted as follows: 


Clean wool growth (g/day) = (SFW/SRW) x AF x DLF 
x (1.16 x MP, or 14 x ME,) 


where AF = 0.25 + 0.75(1 — exp™®??5A), where A is age in days, and DLF = 1 + 
c(DL — 12), where DL is day length in hours and c varies with breed (e.g. Merino 
0.03, Corriedale 0.06 Border Leicester 0.11). 

Assuming no correction for age and day length, the daily rate of clean wool pro- 
duction for a 50 kg Merino sheep with a standard fleece weight of 5.0 kg when 
MP,, = 100 g/day and ME, = 10 MJ/day would be 11.6 g/day. 

Wool quality is also influenced by nutrition. The diameter of wool fibres is in- 
creased at high levels of nutrition, and it is significant that finer wools come from 
sheep kept in nutritionally less favoured areas. A period of starvation may cause an 
abrupt reduction in wool growth, which leaves a weak point in each fibre and is re- 
sponsible for the fault in fleeces with the self-explanatory name of ‘break’. An early 
sign of copper deficiency in sheep is a loss of ‘crimp’ or waviness in wool. This is ac- 
companied by a general deterioration in quality, with the wool losing its elasticity 
and its affinity for dyes. These effects are thought to be due to the involvement of 
copper in the enzyme system responsible for disulphide linkages in keratin. Copper 
deficiency also restricts the formation of melanin, the pigment of wool and hair. Zinc 
deficiency causes the production of brittle wool fibres. Many vitamin deficiencies af- 
fect wool and hair follicles, but, with the exception of cyanocobalamin (B12), these 
deficiencies are uncommon in sheep. 


MINERAL AND VITAMIN REQUIREMENTS FOR MAINTENANCE 
AND GROWTH 


This section is concerned with the general principles associated with the determina- 
tion of feeding standards for minerals and vitamins. No attempt will be made to 
discuss individual nutrients as to do so would result in duplicating the material pre- 
sented in Chapters 5 and 6. 


Minerals 


Animals deprived of a dietary supply of mineral elements will continue to excrete these 
nutrients. Where elements occur in the body as constituents of organic compounds, 
such as iron in haemoglobin, or iodine in thyroxine, they are released from these 
compounds when they are expended or ‘worn out’.To a large extent, the elements so 
liberated are often reutilised within the body. However, reutilisation is never com- 
plete and a proportion of each element will be lost from the body in the faeces and 
urine and through the skin. Where elements occur in an inorganic form, such as calcium, 
sodium, potassium and magnesium, losses will occur in the urine, such as those aris- 
ing from the maintenance of acid-base balance, and in the faeces owing to secretions 
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into the gut that are not reabsorbed. Because of these endogenous losses, animals re- 
quire minerals for maintenance. 

Endogenous mineral losses are often small in relation to the mineral content of 
the body. For example, a 30 kg pig whose body contains about 230 g of calcium loses 
approximately 0.9 g of calcium per day and therefore needs to replace about 0.4 per 
cent of its body calcium. Similarly, the same pig contains approximately 40 g of sodium 
and needs to replace 0.036 g or 0.09 per cent per day. In contrast, a pig would need 
to replace about 0.7 per cent of its body nitrogen per day. 

The techniques used to determine mineral requirements are the same as those 
used to determine energy and protein requirements. A theoretical framework is pro- 
vided by using the factorial approach, whereas practical estimates of requirements 
can be obtained using nutrient balance or growth trials. Since the mineral contents 
of foods are usually expressed as the total or gross amounts present, requirements 
are stated in the same terms. Nutrient standards must therefore take into account 
the differences in mineral availability that occur between different species and age 
classes of animal (see Chapter 10). 


Factorial estimates of mineral requirements 


The net requirement of a mineral element for maintenance plus growth is calculated 
as the sum of the endogenous losses and the quantity retained. To determine the 
dietary requirement, the net requirement is divided by an average value for avail- 
ability. For example, a 300 kg heifer gaining 0.5 kg/day might have an endogenous 
calcium loss of 5.0 g/day and be retaining 6.0 g/day. Its net calcium requirement 
would therefore be 11.0 g/day. For an animal of this type, the availability of calcium 
is predicted to be about 0.68 and the daily calcium requirement would be calculated 
as 11.0/0.68 = 16.0 g/day. 

The problems associated with the factorial approach to mineral requirements are the 
same as those associated with factorial estimates of protein requirement. Whereas the 
mineral composition of liveweight gain may be readily (if laboriously) determined by 
carcass analysis, the assessment of endogenous losses, and therefore availability, is more 
difficult. Diets for ruminants that are completely free of an element are particularly dif- 
ficult to prepare. Perhaps because of these difficulties with the technique, theoretical 
estimates of mineral requirements do not always agree with practical estimates. 


Growth and balance trials 


The biggest problem when determining mineral requirements by assessing the effects 
of different levels of supply on animal performance is establishing satisfactory crite- 
ria for adequacy. For example, a level that is sufficient to prevent clinical signs of de- 
ficiency may be insufficient to support maximum growth. Similarly, for the elements 
contained in bone, the level that gives the maximum rate of growth may be inade- 
quate if judged by the strength of bone produced. The position is complicated further 
by the mineral reserves of the animal. If reserves are large at the beginning of an 
experiment of short duration, then they may be sufficient to promote normal health 
and production, even if the dietary supply is inadequate. It is therefore desirable that 
the mineral balance of the animal is determined either directly or indirectly by 
analysis of selected tissues. Even balance trials may be difficult to interpret, since if 
the element is one for which the animal has great storage capacity, then a dietary 
supply that promotes less than maximum retention may still be quite adequate. 
In long-term experiments, such as those containing more than one production cycle 
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(e.g. dairy cows), the health and productivity of the animals alone may be reliable 
indicators of minimum mineral requirements. However, for growing animals, where 
experiments are usually of shorter duration, measurements of liveweight gain should 
be supplemented by measurements of mineral retention. 


Feeding standards (minerals) 


The mineral requirements presented in Appendix 2 are based partly on factorial cal- 
culations and partly on feeding trials. For all species, the elements that are most likely 
to be deficient are calcium and phosphorus. Consequently, these have been subject 
to most investigation. In the case of ruminants, estimates of calcium and phosphorus 
requirements have changed markedly over the past 50 years as new information on 
endogenous losses and availability has become available. For example, the UK Agri- 
cultural Research Council in 1965 stated the phosphorus requirement of a 400 kg steer 
gaining 0.75 kg/day to be 26 g/day; however, in 1980 this was revised to 18 g/day, 
and in 1991 it was revised again to 20 g/day. 

In the UK the major and minor element requirements of both ruminants and pigs 
are published by ARC (1980) and ARC (1981), respectively. However, these sources 
are now relatively outdated and more recent information has been incorporated into 
more contemporary feeding standards. For example, the mineral requirements of grow- 
ing cattle and sheep are published by NRC (2000), NRC (2006) and CSIRO (2007). 
Similarly, the mineral requirements of horses are published by NRC (2007), and the 
mineral requirements of pigs are published by NRC (1998). In practice, large feed 
compounders often derive information on mineral requirements from a variety of 
sources, including mineral supply companies. Consequently, inclusion rates are often 
considerably higher than those recommended by feeding standards. As the objec- 
tives of animal nutrition change away from animal health and production, and more 
emphasis is placed on product quality, human health and environmental impact, 
there is a need to re-evaluate mineral requirements. 


Vitamins 


There are no estimates of endogenous losses on which to base vitamin requirements. 
Therefore, standards must be based on feeding trials. As with the assessment of mineral 
requirements, the main problem associated with the assessment of vitamin require- 
ments is establishing appropriate criteria for adequacy. Until recently, the main criteria 
have been growth rate and freedom from signs of deficiency, as assessed by visual 
examination of the animal or physiological tests, such as vitamin levels in the blood. 
Vitamin storage can also be assessed, either by tissue analysis or from indirect evidence 
of tissue saturation provided by vitamin excretion in urine. The difficulties involved in 
assessing requirements are illustrated in Table 14.10, which shows that apparent 
requirements vary considerably, depending on the preferred criteria for adequacy. 


Table 14.10 The vitamin A requirement of calves 


Minimum requirement for Vitamin A (iu/kg liveweight/day) 
Prevention of night blindness 32 
Optimal growth 64 
Limited storage of vitamin A 250 
Maximal blood levels of vitamin A 500 


From the data of Lewis J M and Wilson L T 1945 Journal of Nutrition 30: 467. 
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In practice, vitamin allowances must be high enough to prevent signs of deficiency 
and not restrict growth rate. However, higher allowances that promote storage or 
higher circulatory levels of the vitamin may be justified if they can be shown to en- 
hance animal health and productivity, or the quality of animal products. For example, 
high levels of vitamin E have been shown to prolong the shelf life of meat. In most 
animals, some storage is justified, as vitamin allowances are usually set at levels suf- 
ficient to maintain body stores, whereas both vitamin supply and requirements may 
fluctuate. 

The vitamin A and D requirements of older animals are normally considered to 
be proportional to liveweight, whereas those of the vitamin B group and vitamin E, 
which are concerned more intimately with metabolism, vary with food intake or 
with the intake of specific nutrients. Thus, the requirement for thiamin, which is par- 
ticularly concerned with carbohydrate metabolism, varies according to the relative 
proportions of carbohydrate and fat in the diet. Similarly, riboflavin requirements 
are increased by high protein intakes and vitamin E requirements are increased by 
high polyunsaturated fatty acid intakes. Requirements may also vary, according to 
the extent to which B vitamins are synthesised in the alimentary tract. In ruminants, 
microbial synthesis in the rumen may make the animal independent of a dietary 
supply. In pigs and poultry, considerable synthesis may take place in the lower gut 
but the vitamins produced may fail to be absorbed. The contribution made by intes- 
tinal synthesis then depends on whether the animals are free to practise coprophagy 
(the eating of faeces). Finally, vitamin requirements are often determined using diets 
containing synthetic sources of vitamins, whose availability may well be higher than 
that of natural sources in foods. Although little is known about vitamin availability, a 
well-documented example of non-availability is provided by nicotinic acid in cere- 
als, some of which is in a bound form that is not available to pigs. 

A further factor to be considered when formulating diets to provide requirements 
for vitamins is that many vitamins (as discussed in Chapter 5) are unstable and are 
partly destroyed by exposure to heat and light. Consequently, the way in which foods 
are stored and processed has a major impact on their vitamin content. 


NUTRITIONAL CONTROL OF GROWTH 


The preceding sections of this chapter have shown how the growth pattern of animals 
determines their nutrient requirements. We must now consider the second aspect of 
the nutrition—-growth interaction: how growth can be controlled by nutrition. The objec- 
tives of any person controlling animal growth by nutrition are generally twofold: to 
use the nutritional resources available to achieve a high growth rate, and to produce 
a carcass that meets consumer requirements. The rate of growth of an animal is con- 
trolled by its nutrient intake, and particularly by its energy intake. Energy was de- 
scribed earlier (see p. 281) as the ‘pacemaker’ of animal production, and both natural 
(e.g. climatic) and imposed variations in the animal’s energy supply will be reflected 
in its growth rate. A rapid growth rate is desirable because it minimises the ‘overhead’ 
cost of maintenance per unit of meat produced. In developed countries, animal feeds 
are readily available, although their use may be restricted by cost. In developing 
countries, feed supplies, particularly high-energy concentrates, are often limited or 
non-existent and inadequate supplies are often spread over too many animals. 


Nutritional control of growth 


Until comparatively recently, fat was a highly prized component of meat because, 
as vegetable oils were not readily available until the late nineteenth century, many 
consumers needed a high energy intake to fuel their manual work. The ideal meat 
animal was therefore one that fattened early in life and was provided by the genetic 
selection of small, early-maturing breeds (such as Aberdeen-Angus cattle). We have 
already seen that animals that grow fast tend to deposit a greater amount of fat per 
unit of gain, and so in the past the twin aims of rapid growth and a desirable carcass 
were compatible with each other. However, over the past 20-30 years, fat has come 
to be regarded by many consumers as a less desirable component of the carcass, and 
the control of growth by nutritional means has become more difficult by the incom- 
patibility of objectives — i.e. that animals fed for fast growth rates will become overfat. 
In current feeding systems this danger is avoided partly by using breeds or selections 
of animals that are larger and later-maturing; thus, the preferred beef animal of 
today is one from the large European breeds that grow rapidly and can be slaugh- 
tered when relatively immature, giving a large but lean carcass. Another way to pre- 
vent excessive fat deposition is to treat animals with ‘repartitioning agents’; these are 
hormones or related substances that alter the partition of energy between protein 
and fat deposition. They include the sex hormones (both oestrogens and androgens), 
somatostatin (growth hormone) and cimaterol or clenbuterol ($-adrenergic agonists). 
Growth hormone, in particular, is a powerful repartitioning agent, and the discovery 
of its effects has stimulated research into the use of genetic engineering to increase 
the animal’s own production of the hormone. However, in many countries, including 
most of Europe, the use of these repartitioning agents is banned, mainly because of 
consumers’ concern over their possible presence in meat. Nevertheless, their often 
dramatic effects serve to emphasise the scope for controlling growth by more accept- 
able methods, including nutrition. 

The two objectives in controlling growth may sometimes be combined into one, 
the maximising of lean tissue (or protein) deposition. To achieve this it is essential 
that the animal’s protein supply should be optimal. In this and preceding chapters, 
much emphasis has been placed on the use of recently acquired knowledge to im- 
prove the protein nutrition of animals. Some examples include the systems intro- 
duced for calculating and meeting the protein requirements of ruminants and the 
concept of ideal protein for non-ruminants. To ensure the correct partition of energy 
between protein and fat deposition it is essential that protein supply should match 
energy supply. In ruminants in particular, protein supply is often insufficient to meet 
the animal’s potential for protein deposition, and some energy will be used for fat 
deposition. The ratio of energy to protein in the diet is often dictated by the require- 
ments of the rumen. However, this can be changed by supplying protein that is not 
degraded in the rumen but digestible in the lower gut (digestible undegradable pro- 
tein, DUP; see Chapter 13). An extreme example of this is the feeding of overfat 
lambs on a low-energy (i.e. straw) and high-DUP (i.e. fishmeal) diet. With such a 
diet, lambs can be ‘remodelled’, by causing them to use body fat as an energy source 
to maintain protein deposition. 

Opportunities exist for controlling growth through nutrition by the phasing of nu- 
trient intake; for example, food may be fed at a low level in early life and at a high 
level thereafter, or vice versa. Classic experiments on the phasing of nutrient intake 
were conducted by Sir John Hammond and his colleagues, and their results provided 
the background to Hammond’s growth wave theory, referred to earlier. The results of 
one of these experiments are illustrated in Table 14.11. Twenty pigs were grown to 
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Table 14.11 Composition (g/kg) of the carcasses of pigs grown at different rates 
and slaughtered at 90 kg 


Growth rate: High-high  High-low Low-high  Low-low 
Age at slaughter (weeks) 20 28 28 46 
Composition of whole carcass 
Bone 110 112 97 124 
Muscle 403 449 363 491 
Fat 383 334 441 275 
Skin, etc. 105 106 99 110 
Composition of fat-free carcass 
Bone 178 168 174 171 
Muscle 653 674 649 677 
Skin, etc. 170 160 177 152 


After McMeekan CP 1940 Journal of Agricultural Science, Cambridge 30: 511. 


90 kg liveweight by providing low or high rates of food intake to achieve either low 
or high growth rates. Some of the pigs were changed from one rate to the other 
halfway through the experiment (high-low and low-high), and others were kept on 
the same rate throughout (high-high and low-low). The greatest differences in car- 
cass composition between the pigs were in their dissectible fat content. The pigs that 
grew fast throughout (high—high) had a fat content 108 g/kg higher than those that 
grew slowly throughout (low—low), and there was a difference of the same order be- 
tween the low-high and high-low groups. Those with most fat and least muscle, the 
low-high group, fitted the growth wave theory, as a deficiency of nutrients in early 
life appeared to have restricted muscle growth, which had the highest priority at that 
stage. However, if the results of the experiment are expressed in a different way, as 
the fat-free carcass (see the second part of Table 14.11), it appears that tissues other 
than fat were not much affected by the treatments. The latter figures were calculated 
by FW H Elsley and colleagues, who concluded that the main tissue affected by the 
phasing of nutrient intake was fat. Nevertheless, as we have already acknowledged, 
fat is important. For many years, bacon pigs had their food intake restricted so that 
they were fed according to a high-low sequence in order to limit fat deposition. 
More recently, the genotype of bacon pigs has been modified to provide animals that 
voluntarily restrict their intake as they approach bacon weight, and thus avoid ex- 
cessive fat deposition. 

Another example of the effects of phasing of nutrient intake is found in the phe- 
nomenon of compensatory growth. In many of the more primitive, or ‘natural’, systems 
of animal production, a period of food shortage is followed by one of abundant 
nutrient supply (i.e. a low-high sequence). During the ‘low’ phase growth is restricted, 
whereas during the ‘high’ phase animals frequently grow very rapidly. This compen- 
satory growth may allow animals to ‘catch up’ with similar animals that were not 
subject to the low phase. An example of this is presented in Fig. 14.5. The mecha- 
nisms responsible for compensatory growth are not well understood. However, com- 
pensating animals often eat more food per unit of body weight than others and may 
deposit a higher proportion of lean tissue relative to fat. Thus, their energy value of 
gain may be lower, such that each unit of energy intake promotes a higher weight gain. 
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Fig. 14.5 Compensatory growth in cattle. Animals were kept on high, medium 
and low (maintenance) planes of nutrition during winter (days 0-168), and then 
grazed together during the following summer (days 169-308). 


Plotted from the data of Lawrence T L J and Pearce J 1964 Journal of Agricultural Science, Cambridge 63: 5. 


Alternatively, during the low phase, animals may adapt to a low plane of nutrition by 
becoming more efficient and reducing their maintenance requirements. It may then 
take some time for their metabolism to adapt to a higher plane of nutrition during 
the high phase, resulting in more energy being available for weight gain. Although 
differences may exist in the body composition of animals that achieve a similar 
liveweight by different growth paths, insufficient evidence exists and they are not 
taken into account by current feeding standards. 

In conclusion, it is important to remember that the main factor influencing body 
composition and therefore the nutrient requirements for growth is animal weight, as 
indicated by the allometric equations. However, departures from the general allomet- 
ric relationships, due to breed, sex, etc., are important in animal production because of 
their influence on nutrient requirements and the composition and value of the carcass 
produced. In modern animal production systems, farmers (and the scientists assisting 
them) are often trying to manipulate these allometric relationships to maximise lean 
meat production. This objective can be achieved by genetic change, by the use (in some 
countries) of growth-modifying agents and by the control of nutrition. 


SUMMARY 


1. 


Feeding standards are statements of the 
amounts of nutrients required by animals. 
They may be expressed as nutrient require- 
ments or, with the addition of a safety mar- 
gin, as nutrient allowances. In the UK, the 


energy and protein requirements of growing 
ruminants and pigs are those published by 
AFRC (1993) and BSAS (2003), respectively. Al- 
ternative standards are available from other 
countries. 
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Energy requirements for maintenance are 
generally estimated from fasting heat 
production (i.e. basal or fasting metabo- 
lism) or feeding trials. Fasting metabolism 
is proportional to the metabolic liveweight 
of the animal (typically W9-7?5). An average 
value for mammals is 0.27 MJ/kg W9:?5, but 
this will vary depending on the age and 
sex of the animal and the plane of 
nutrition. 


Energy requirements for maintenance 

also include an additional energy allowance 
for the muscular activity associated with 
searching for, harvesting and chewing 
food. 


When animals are kept at low environmental 
temperatures, their heat losses, and hence 
their energy requirements for maintenance, 
are increased. An animal's thermoneutral 
range is defined by its lower and higher criti- 
cal temperatures and is affected by climatic 
conditions (sun, wind and rain), the insulat- 
ing properties of the animal and its environ- 
ment, and food intake. In young animals 
brown adipose tissue may be metabolised 

to produce heat. 


Protein requirements for maintenance are 
estimated from endogenous urinary nitrogen 
and metabolic faecal nitrogen excretion. 
There are also small losses of nitrogen in hair 
and scurf. In ruminants the protein require- 
ment for maintenance can generally be met 
by microbial protein synthesis. 


Animal growth follows a sigmoid curve with 
time, but different parts, organs and tissues 
grow at different rates. The relationship 
between tissue weights and body weight 
can be described by so-called allometric 
equations. Typically bone and muscle are 
early-maturing tissues, whereas fat is a late- 
maturing tissue. Energy and protein require- 
ments for growth are derived from 
measurements of the chemical composition 
of gain. Requirements change as animals 


10. 


11. 


12. 


mature and are modified by breed, sex and 
rate of gain. 


Different feeding standards adopt different 
approaches to estimate energy and protein 
requirements for growth. Protein require- 
ments for pigs and poultry are generally 
more detailed than those of ruminants and 
horses because they include estimates of 
requirements for specific amino acids. 


In sheep, the energy and protein require- 
ments for wool growth are relatively small. 
However, wool requires higher levels of 
sulphur-containing amino acids, copper and 
zinc. In practice wool growth is predicted 
from energy or protein supply. 


Net mineral requirements for maintenance 
and growth are calculated from endogenous 
losses and the mineral content of body tis- 
sues. They are then translated into dietary 
requirements using appropriate availability 
factors. 


Vitamin requirements are usually determined 
from feeding trials, which are complicated by 
the difficulty of selecting appropriate criteria 
for adequacy of supply. 


Although animal nutrient requirements 
are determined by patterns of growth, 
both growth and body composition can be 
modified by nutrition. For example, a low 
followed by a high plane of nutrition may 
increase fat deposition. The objectives of 
controlling growth through nutrition are 
to use nutritional resources to achieve a 
high rate of gain and to produce a 
carcass that meets the requirements of 
the customer. 


As fat is no longer considered a desirable 
component of meat, control of growth is 
often aimed at increasing muscle and reduc- 
ing fat growth. In some countries, reparti- 
tioning agents (synthetic hormones) may be 
used to increase muscle growth. 


Historical reference 


QUESTIONS 


14.1 Using the AFRC (1993) system, calculate the metabolisable energy (ME) and 
metabolisable protein (MP) requirements of a 300 kg bull of large breed gaining 
at 1.1 kg/day. Assume that the animal's diet has an M/D value of 11.0 MJ/kg DM. 

14.2 An 80 kg commercial-type pig with a maximum rate of protein deposition of 
0.120 kg/day is offered a diet that provides 20.0 MJ NE/day. Calculate the rate 
of fat deposition. 

14.3 Using the NRC (2007) system, calculate the digestible energy (DE) and crude 
protein (CP) requirements of a 500 kg alert horse undertaking a moderate 
level of work. 
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Feeding standards 
for reproduction 


15.1 Nutrition and the initiation of reproductive ability 
15.2 Plane of nutrition, fertility and fecundity 

15.3 Egg production in poultry 

15.4 Nutrition and the growth of the foetus 


In reproducing animals, as in growing animals, there is an interaction between nutrition 
and production. Reproduction increases the animal’s requirements for nutrients, but, 
conversely, the nutrient supply of animals can influence their reproductive processes. 

The influence of nutrition on reproduction begins early in the animal's life, with nu- 
tritional changes in utero influencing subsequent adult reproductive performance. For 
example, small ram lambs at birth tend to have a delay in the onset of puberty inde- 
pendent of their mature size, whilst a reduction in ovulation rate of 0.3 has been 
reported in ewe lambs born to dams that experienced feeding levels of 0.5 compared 
with 1.0 maintenance during gestation. The plane of nutrition in young animals can 
also affect the age at which they reach puberty. In mature animals, poor nutrition can 
reduce the production of ova and spermatozoa, so that the female either fails to con- 
ceive or produces fewer offspring than normal (i.e. litter size is reduced). In pregnancy, 
females have specific nutrient requirements for the maintenance and growth of the 
foetus(es). 

The quantities of nutrients required for the production of ova and spermatozoa by 
mammals are small and of little significance. Thus, the boar, which produces a large 
ejaculate of 150-250 ml, is estimated to require 0.4 MJ ME per ejaculate, which is equiv- 
alent to less than 2 per cent of its maintenance requirement for metabolisable energy 
(23.8 MJ/day). In birds, however, the quantities of nutrients required for egg production 
are large; these will be discussed in a special section of this chapter. Even in pregnancy, 
nutrient requirements for the growth of foetuses are in total relatively small. For exam- 
ple, a ewe producing twin lambs weighing a total of 7 kg at birth will deposit about 
1.4 kg of protein in the foetuses and associated tissues (such as the placenta), which over 
a gestation period of 147 days is less than 10 g/day. In contrast, a growing sheep gaining 
300 g in liveweight per day would deposit in its tissues about 50 g of protein per day. 
However, in assessing nutrient requirements for reproduction, several important features 
of reproductive processes must be borne in mind. The first of these is that reproduction 
is often not the sole productive process being carried out by the animal. In the case of 
cattle, for example, young females may be expected to conceive at 15-20 months of 
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age, at about half of their mature body weight, and will have to continue growing 
while producing a calf. After calving, the female will be expected to conceive again 
within 2-3 months, at a time when she is producing large quantities of milk. 

The second important feature of nutrient requirements for reproduction is that they 
vary considerably from one phase of the reproductive cycle to another. For example, the 
ewe conceiving twins will have very small protein requirements for foetal growth at the 
start of pregnancy, but by the last week of pregnancy she will be depositing as much as 
30 g of protein per day in the foetuses. The final point to bear in mind is that reproduc- 
tion is often an ‘all or nothing’ phenomenon, and the consequences of failure can be 
severe for the farmer. If a beef cow kept solely to produce and rear calves fails to con- 
ceive, then her output will be zero and her owner will suffer a financial loss. Also, small 
litters — such as one lamb instead of two - can make the difference between profit and 
loss. It is therefore of great importance to ensure that reproduction in farm animals is 
not impaired by poor nutrition. 

Research on the effects of nutrition on reproduction tends to make slow progress 
because the effects may be slow to manifest themselves and experiments must be of 
long duration. Also, the large random variability in reproduction causes statistical 
problems that can be solved only by using large numbers of animals (e.g. 80 sows per 
treatment to demonstrate a 5 per cent increase in litter size). Much recent research 
has been concerned with the mechanisms by which nutrition affects reproduction, and 
particularly with endocrinological processes and gene expression. General undernutri- 
tion, and also the deficiency of a specific nutrient, can interfere with the synthesis of 
hormones involved in reproduction. In other cases, nutrition may affect the rate at 
which a hormone is destroyed by metabolism or may alter the sensitivity to a hormone 
of its target organ. Over the past 20 years the increasing use of techniques for super- 
ovulation of farm livestock and the culture in vitro of ova and embryos have both 
stimulated interest in, and provided opportunities for, the study of nutritional effects 
on reproduction. 

This chapter will explain the general relationships between nutrition and reproduc- 
tion at successive stages of the reproductive life of animals. Where appropriate, quanti- 
tative requirements for specific nutrients and energy will be presented and discussed. 
Much emphasis will be placed on the role of energy intake (or, in other words, the gen- 
eral plane of nutrition) in reproduction, because deficiencies and excesses of specific 
nutrients often affect reproduction through their influence on energy intake. 


NUTRITION AND THE INITIATION OF REPRODUCTIVE ABILITY 


Puberty in cattle is markedly influenced by the level of nutrition at which animals 
have been reared. In general terms, the faster an animal grows, the earlier it reaches 
sexual maturity. In cattle, puberty occurs at a particular liveweight or body size 
rather than at a fixed age. This is illustrated in Table 15.1, which shows the effects of 
three planes of nutrition on the initiation of reproductive ability in dairy cattle. Al- 
though there were considerable differences in age at puberty between the three 
treatments, differences in liveweight and in body size (as reflected in the measure- 
ment of height at withers) were much smaller. Other experiments have shown that 
by liberal feeding with high-energy diets, it is possible to induce puberty in female 
cattle even earlier than the 9.3 months of Table 15.1. Similar results are found for 
bulls: a high plane of nutrition alters metabolic hormone production, reducing the 
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Table 15.1 Age and size at puberty of Holstein cattle reared on different planes of nutrition 


Plane of nutrition At puberty 
Age (months) Weight (kg) Height at Empty body 
withers (cm) fat (%) 
High 11 MJ ME/kg DM 9.3 282 110 7.4 
210 g CP/kg DM 
Medium 10.1 MJ ME/kg DM 10.8 282 112 7.2 
181 g CP/kg DM 
Low 9.5 MJ ME/kg DM 16.5 316 119 7.0 
135 g CP/kg DM 


From Chelikani et al. (2003) Theriogenology 60: 707. 


age at puberty due to increased gonadotrophin secretion. The attainment of puberty 
in sheep is complicated by their seasonal breeding pattern. Spring-born ewe lambs 
that are well nourished will reach puberty in the early autumn of the same year. 
Moderately fed lambs will also reach puberty in the same year, but later in the 
breeding season and at a lower liveweight. Poorly fed lambs will fail to come into 
oestrus until the following breeding season (i.e. at 18 months of age). 

In pigs, on the other hand, high planes of nutrition do not advance puberty to any 
marked extent. The primary determinants of puberty in gilts are age (170-220 days), 
breed (cross-bred gilts reach puberty about 20 days before pure-breds) and the age 
at which gilt meets boar (a sudden meeting after about 165 days of age may induce 
first oestrus). 

In practice, the factor that decides when an animal is to be first used for breeding is 
body size, and at puberty animals are usually considered to be too small for breeding. 
Thus, although heifers of the larger dairy breeds may be capable of conceiving at 
7 months of age, they are not normally mated until they are at least 15 months old. The 
tendency today is for cattle, sheep and pigs of both sexes to be mated when relatively 
young, which means that in the female the nutrient demands of pregnancy are added to 
those of growth. Inadequate nutrition during pregnancy is liable to retard foetal growth 
and to delay the attainment of mature size by the mother. Incomplete skeletal develop- 
ment is particularly dangerous because it may lead to difficulties at parturition. 

Rapid growth and the earlier attainment of a size appropriate to breeding has the 
economic advantage of reducing the non-productive part of the animal’s life. With 
meat-producing animals, a further advantage is that a high plane of nutrition in early 
life allows the selection for breeding purposes of the individuals that respond to lib- 
eral feeding most favourably in terms of growth and that may therefore be expected 
to produce fast-growing offspring. But there are also some disadvantages of rapid 
growth in breeding stock, especially if there is excessive fat deposition. In dairy cat- 
tle, fatness in early life may prejudice the development of milk-secreting tissue, and 
there is also some evidence that rapid early growth reduces the useful life of cows. 
Over-fat gilts do not mate as readily as normal animals, and during pregnancy they 
may suffer more embryonic mortality. The rearing of breeding stock is a matter re- 
quiring more long-term research; at present, the best recommendation is that such 
animals should be fed at a plane of nutrition that allows rapid increase in size with- 
out excessive fat deposition. 
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PLANE OF NUTRITION, FERTILITY AND FECUNDITY 


Plane of nutrition of female animals 


In female animals the primary determinant of fertility (i.e. whether or not the ani- 
mal conceives) and fecundity (i.e. litter size) is the number of ova shed from the 
ovaries (the ovulation rate). In the cow the rate is normally 1, in the ewe it is nor- 
mally 1-3 (but may reach 10) and in the sow it is 15-25. Not all ova are fertilised 
and survive to birth. For example, a flock of 100 ewes in a single oestrous cycle 
might produce 220 ova, of which 190 would be fertilised. Of the 190 embryos, 175 
might survive for 15 days, to the point at which they become attached to the placenta, 
and of these 170 might complete the full gestation period of 147 days. Thus, the final 
lambing percentage (lambs born per 100 ewes mated) would be 170 per cent. 

It has long been recognised that female sheep gaining weight or fat reserves in the 
3-4 weeks before mating are more likely to conceive and more likely to have twins 
or triplets than those in poorer condition. This has led to the practice of ‘flushing’ 
ewes by transferring them from a low to a high plane of nutrition (e.g. transferring 
them from hill pastures to lowland pastures or fodder crops) before mating. More 
recently, it has been recognised that although a higher plane of nutrition may be 
valuable for previously undernourished ewes, animals kept continuously on a higher 
plane will also have high fertility and fecundity. The degree of fatness of breeding 
stock is commonly assessed by means of ‘condition scoring’, in which fat deposits 
along the back and tailhead are palpated and scored on a scale of 1 (low) to 5 (high). 
Table 15.2 demonstrates what are sometimes called the static and dynamic effects of 
plane of nutrition on condition score and on fertility and fecundity in ewes. The 
greatest difference in ovulation rate was between ewes that were in good condition 


Table 15.2 Effects of body condition and of change in condition 
on the ovulation rate of Scottish Blackface ewes 


Condition score? Liveweight? (kg) Ovulation 
(a) (b) (a) (b) rate 
3.5 67 
k. SSS 64 2.11 
3.0 ——3.0 62> 62 2.11 
3.0 61 2.00 
oe ae 
2.0 52 
a ee 1.00 
15——.5 44——6 1.11 
1.5 49 1.38 
“ee eee 


Column (a) shows the condition score or weight 6 weeks before mating, 
and column (b) shows the corresponding value at mating. 


After Gunn R G, Doney J M and Russel A J F 1969 Journal of Agricultural Science, 
Cambridge 73: 289. 
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at mating (condition score 3) and those in poorer condition at mating (score 1.5). In 
the former ewes there was little effect of the changes in condition and weight that 
occurred in the 6 weeks preceding mating, but in the latter ewes those whose condi- 
tion had been improved (from score 1.0 to score 1.5) produced more ova than those 
whose condition had been reduced (from 2.0 to 1.5). 

The gonadotrophic hormone luteinising hormone is needed for the maturation and 
release of oocytes, and a low plane of nutrition appears to reduce the frequency with 
which pulses of luteinising hormone are released. Thus, flushing may improve ovulation 
rate by preventing this effect. Another endocrinological explanation for the effect of 
flushing is that a high plane of nutrition promotes a greater production of insulin, which 
encourages the uptake of glucose and the synthesis of steroid hormones by the ovary. 
There may also be a direct effect of nutrition on the ovary, as intravenous infusion of 
glucose in sheep increases the growth of oocytes. However, a delicate nutritional bal- 
ance is required for sheep around the time of ovulation, as a high plane of nutrition can 
reduce the survival of oocytes and the embryos they become after fertilisation. One 
reason for this effect is that a high plane of nutrition stimulates the metabolism (i.e. 
destruction) of progesterone, the hormone required for the establishment and mainte- 
nance of pregnancy. Thus, it is recommended that after the ewe has been mated, 
the flushing plane of nutrition should be reduced to about the maintenance level. 

In cattle, a high plane of nutrition after mating is less damaging than in sheep (which 
is fortunate, as cattle are expected to conceive at the stage of lactation when they are 
being fed for a high milk yield); their progesterone supply may be augmented at this 
time by release of the hormone from mobilised fat reserves. Nevertheless, achieving 
reconception in cows 2 months after calving, at a time when the nutritional demands of 
lactation are high, is a problem for the dairy industry. In dairy cows in New York state, 
over a period of 17 years when milk yield increased by 33 per cent, the proportion of 
cows conceiving to their first insemination fell from 66 per cent to 50 per cent. In 
Britain, conception rate to first service in dairy cows appears to be declining by nearly 
1 per cent per year, with a current average calving interval of over 14 months. Observa- 
tions such as these have led to the recommendation that cows should be regaining 
weight by the time they are inseminated or served by a bull, but it is often difficult to 
ensure a positive energy balance at this time, even in well-fed cows. In situations of food 
scarcity, as with cattle kept on natural pastures subject to drought, the recommendation 
is impossible to implement, and in such situations it is common to find that calving 
intervals are extended from the desired 12 months to as much as 24 months. 

In the sow, flushing seems to have little effect on litter size, possibly because pigs 
are commonly kept at higher planes of nutrition than sheep; however, flushing the 
maiden gilt for 10 days before mating can increase litter size. A number of studies 
have demonstrated that energy restriction or low body condition can reduce repro- 
ductive performance in mares, whilst energy restriction just before parturition can 
induce a premature birth. Excessive energy supply in horses generally does not 
impair or improve reproductive efficiency, although in some instances it has been 
associated with twin pregnancies. 


Plane of nutrition of male animals 


In mammals, the spermatozoa and ova and the secretions associated with them 
represent only very small quantities of matter. The average ejaculate of the bull, for 
example, contains 0.5 g of dry matter. It therefore seems reasonable to suppose that 


Plane of nutrition, fertility and fecundity 


nutrient requirements for the production of spermatozoa and ova are likely to be in- 
appreciable compared with the requirements for maintenance and for processes such 
as growth and lactation. 

If this were so, one would expect that adult male animals kept only for semen 
production would require no more than a maintenance ration appropriate to their 
species and size. There is insufficient experimental evidence on which to base feed- 
ing standards for breeding males, but in practice such animals are given food well in 
excess of that required for maintenance in females of the same weight. There is 
no reliable evidence that high planes of nutrition are beneficial for male fertility, 
although it is recognised that underfeeding has deleterious effects (see below). The 
liberal feeding of males probably reflects the natural desire of farmers not to risk 
underfeeding and so jeopardise the reproductive performance of the whole herd or 
flock. Males, however, do have a higher fasting metabolism and therefore a higher 
energy requirement for maintenance than do females and castrates. As the duration 
of spermatogenesis in bulls, rams and goats is 54, 49 and 48 days, respectively, it is 
recommended that adequate nutrition be provided for at least 2 months before 
breeding. 


Effects of specific nutrients on fertility 


Many nutrient deficiencies influence fertility indirectly, through their effects on 
the general metabolism of the animal. For example, phosphorus deficiency in 
grazing ruminants, which has often been associated with poor fertility, appears to 
affect reproduction because it restricts many metabolic processes, hence food 
intake and the general plane of nutrition. However, there is also some evidence 
that phosphorus deficiency has a direct effect on reproduction through suppressing 
oestrous cycles. 

Protein deficiency, especially in ruminants, can be expected to influence repro- 
duction because it reduces food intake. At the other extreme, it has been suggested 
that a supplement of digestible protein that is undegradable in the ramen (DUP; see 
Chapter 13) can increase the ovulation rate of both sheep and cattle. In Australia, 
lupin seed, which contains a high concentration of DUP, is used to flush ewes. In 
contrast, rumen-degradable protein (RDP) given in excessive amounts to dairy cows 
raises blood levels of ammonia (see Chapter 8), which in turn alters the ion fluxes in 
the endometrium and reduces embryo survival. In pigs, short-term deprivation of 
protein has no effect on fertility, but a prolonged protein deficiency, especially in 
younger animals, leads to reproductive failure. High dietary intake of crude protein 
seems to depress fertility in horses, although an adequate intake of essential amino 
acids, especially methionine, is important for the onset of the oestrus cycle in non- 
lactating mares. 

In dairy cows, feeding diets containing high levels of starch (above 160 g/kg 
DM) are associated with elevated plasma insulin concentrations and an earlier re- 
sumption of oestrus postpartum. In contrast, for good oocyte quality and blasto- 
cyst development, low dietary starch and/or high fat concentrations are required. 
Strategies whereby high-starch diets are provided to dairy cows pre-service and 
low starch diets post-service result in significant increases in conception rate com- 
pared with animals that have been offered only high- or low-starch diets. The im- 
plementation of this strategy may, however, prove to be difficult on many commercial 
dairy farms. 
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Several studies in farm animals have shown that feeding or infusing different 
types of polyunsaturated fatty acids, especially those of the n-3 and n-6 series, to fe- 
males can have both positive and negative effects on reproduction, primarily through 
their effects on endogenous production of prostaglandins. For example, in sheep, 
feeding long-chain n-3 polyunsaturated fatty acids found in fish oil in late pregnancy 
increases gestational length by 2-3 days, whilst in cattle, feeding linoleic acid reduces 
progesterone concentrations and compromises early embryo survival. In the male, 
most recent work has focused on sperm production, and experiments in fowl and 
boars have demonstrated clear effects of dietary PUFAs on sperm membrane phos- 
pholipid composition and fertilising ability. For example, feeding fish oil to boars 
increases sperm motility and the number per ejaculate. 

Vitamin A deficiency must be prolonged if it is to affect fertility; thus, animals 
may suffer blindness before their reproductive organs are affected (by keratinisation 
of the vagina or degeneration of the testes). An extreme and long-lasting deficiency 
of vitamin A may prejudice embryonic development and the ovarian cycle of mares, 
although this rarely occurs. Recently B-carotene has been claimed to have a specific 
effect on fertility (i.e. independent of its role as a precursor of vitamin A), but the 
claim has yet to be adequately confirmed (see Chapter 6). 

Vitamin E deficiency causes infertility in rats, but there is little evidence that the 
vitamin plays an essential role in maintaining fertility in cattle and sheep. In pigs, 
however, vitamin E-deficient diets have been reported to reduce reproductive per- 
formance. There is also evidence from experiments with mature fowls that a pro- 
longed vitamin E deficiency causes sterility in the male and reproductive failure in 
the female; in the male, sterility may become permanent through degenerative 
changes in the testes. In ruminants, a deficiency of the nutrient associated with 
vitamin E, selenium, reduces fertility, apparently by affecting fertilisation and also 
the viability of spermatozoa. In a series of trials in selenium-deficient areas of 
New Zealand, a supplement of selenium increased the lambing percentage from 
89 per cent to 98 per cent, but vitamin E had little effect. However, selenium 
supplementation allied with vitamin E for dairy cows has been shown to reduce 
the incidence of retained placenta (the condition in which the placenta fails to be 
expelled after calving). In horses, a low intake of selenium can restrict the devel- 
opment of the embryo. 

In non-ruminants, deficiencies of the B vitamins riboflavin and folic acid have 
been shown to reduce embryo survival. 

In addition to selenium, the trace elements copper, molybdenum, iodine, man- 
ganese and zinc are important in influencing fertility. Herbage copper levels of less 
than 3 mg/kg DM delay the return to oestrus and hence lengthen the calving inter- 
val in cattle. Copper deficiency can be induced by excessive molybdenum in the 
diet (see Chapter 6). An excess of molybdenum in the diet of young cattle delays 
and depresses oestrus, apparently because it reduces the secretion of luteinising 
hormone. Deficiencies of copper and iodine reduce egg production in poultry. A 
deficiency of manganese reduces fertility in sows by causing delayed or irregular 
oestrous cycles. Zinc deficiency is interesting because it affects reproduction 
through the male, in which it prevents spermatogenesis; zinc is a component of the 
enzyme thymidine kinase, which is required for spermatogenesis. In the female, 
zinc deficiency may possibly increase embryo mortality; thus, it reduces hatchabil- 
ity in poultry. 


Egg production in poultry 


BOX 15.1 Nutrient effects on embryonic gene expression, embryo survival and 
subsequent performance 


There is considerable interest in the area of nutritional influences on early embryonic gene expres- 
sion and subsequent effect on animal performance and health. Evidence of this was most clearly 
seen in the large offspring syndrome (LOS), whereby it became evident that congenital abnormali- 
ties occurred in ruminant species following the transfer to recipient donors of in vitro produced em- 
bryos. Abnormally large calves and lambs (twice the normal birthweight in calves and up to five 
times in lambs) were the most obvious feature, with gestation frequently being extended and other 
abnormalities such as breathing difficulties, reluctance to suckle and sudden perinatal death being 
seen. Evidence that in vitro culture led to errors in genomic imprinting was reported in sheep em- 
bryos, when it was shown that the reduction in expression of the gene encoding type II insulin-like 
growth factor receptor was associated with a loss of methylation of that gene. These abnormalities 
are associated with differences in the composition of in vitro culture media and with dietary strate- 
gies that modify uterine conditions. For example, alterations in both the level and the nature of 
dietary protein result in elevated plasma and uterine ammonia and urea concentrations in donor 
ewes that influence the incidence and severity of LOS following the transfer of these embryos to re- 
cipient ewes. The effects of maternal diet around the time of conception have since been extended 
in sheep to include the effects of B vitamins (cobalamin and folate) and methionine deficiency, 
which have been shown to epigenetically alter DNA methylation in offspring that become obese, 
insulin-resistant and hypertensive by 2 years of age. These effects of maternal diet on the preimplant- 
ation embryo, with subsequent consequences for foetal development and lifetime performance and 
health of offspring, have far-reaching implications that extend beyond the traditional concept of nu- 
tritional effects on animal performance. 


15.3 EGG PRODUCTION IN POULTRY 


Rearing of hens 


Birds intended for egg production are commonly fed to appetite during the rearing 
period, with the aim of achieving a liveweight of about 1.3 kg at 17 weeks of age, when 
egg production begins, with a final body weight of around 1.5 kg for white and 1.9 kg 
for brown strains. Restriction of food intake during rearing reduces costs but delays 
the onset of egg laying. Moreover, it is important that birds should be well grown at the 
onset of laying, because egg weight is related to body weight. Thus, pullets are reared 
on diets high in metabolisable energy and protein (see Appendix 2, Table A.2.10). 

In contrast to layers, pullets being reared as broiler breeders (i.e. meat-type birds) 
have to be restricted in food intake, otherwise they grow too fast and their subsequent 
egg production is much reduced. The recommended restriction to 40 per cent of ap- 
petite (i.e. their intake if unrestricted) leaves them hungry and often difficult to manage. 


Nutrient requirements of laying hens 


Productive flocks of layers produce an average of about 350 eggs per bird per year; 
thus, on an average day 350/365 = 95 per cent of birds will lay an egg. Egg produc- 
tion would not be expected to go below 75 per cent in a commercial flock. Their 
eggs weigh on average 60 g for white strains and 62 g for brown strains, have the 
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Table 15.3 Average composition of the hen's egg 


Per kg Per egg Proportion of nutrient 
whole egg of 57 g in edible part of egg 
Gross constituents (g) 
Water 668 38.1 1.00 
Protein 118 6.7 0.97 
Lipid 100 5.7 0.99 
Carbohydrate 8 0.5 1.00 
Ash 107 6.1 0.04 
Amino acids (g) 
Arginine 7.2 0.41 0.97 (assumed for 
Histidine 2.6 0.15 all amino acids) 
Isoleucine 6.4 0.36 
Leucine 10.1 0.57 
Lysine 7.9 0.45 
Methionine 4.0 0.23 
Phenylalanine 6.0 0.34 
Threonine 5.5 0.31 
Tryptophan 2.2 0.13 
Valine 7.6 0.44 
Major minerals (g) 
Calcium 37.3 2.13 0.01 
Phosphorus 2.3 0.13 0.85 
Sodium 1.2 0.066 1.00 
Potassium 1.3 0.075 1.00 
Magnesium 0.8 0.046 0.58 
Trace elements (mg) 
Copper 5.0 0.3 1.00 
Iodine 0.3 0.02 
Iron 33 1.9 (traces of minor 
Manganese 0.3 0.02 elements in shell) 
Zinc 16 1.0 
Selenium 5.0 0.3 


chemical composition shown in Table 15.3, and have an energy value of about 375 kJ; 
this information can be used as the basis for a factorial calculation of the nutrient 
requirements of layers. At one time, laying hens were rationed according to a system 
in which they were given a certain amount of food per day for maintenance and a 
certain amount for the estimated egg production, but today they are almost invari- 
ably fed to appetite. Feeding standards for layers, as for other classes of poultry, are 
therefore expressed in terms of nutrient proportions rather than quantities. The re- 
quirements of layers are shown in Appendix 2, Table A.2.10. 


Energy 


A hen weighing 2.0 kg has a fasting metabolism of about 0.36 MJ/kg W°-” per day, 
or 0.60 MJ/day, and utilises metabolisable energy for maintenance and production 
with a combined efficiency of about 0.8. Its requirement for metabolisable energy 


Egg production in poultry 


for maintenance estimated from fasting metabolism would therefore be 0.60/0.8 = 
0.75 MJ/day, and for 90 per cent egg production 0.375 x 0.9/0.8 = 0.42 MJ/day 
(total 1.17 MJ/day). Maintenance requirements increase as temperature falls; for ex- 
ample, 2 kg birds adapted to 25 °C would require an extra 0.018 MJ/day for each 
1 °C fall in temperature below 25 °C. An alternative method of estimating energy 
requirements is to fit regression equations to data obtained under practical feeding 
conditions for metabolisable energy intake and the weight, weight change and egg 
production of hens. Maintenance estimates derived in this way differentiate between 
hens of the smaller, white strains and the heavier, brown-feathered layers. Expressed 
per kg W, these are 0.480 MJ ME and 0.375 MJ ME per day, respectively, and so 
1.8 kg white and 2 kg brown birds would need 0.86 MJ ME and 0.75 MJ ME per day 
(cf. 0.61 MJ estimated above, from fasting metabolism). 

In commercial practice, laying hens are almost invariably fed to appetite; their 
metabolisable energy intake is commensurate with the estimates of requirement 
discussed above (about 1.0-1.2 MJ/day) and they gain 1-2 g/day. Typical intakes are 
90 g/bird/day for white strain birds and 108 g/bird/day for brown strains. Hens adjust 
their food intake for the energy concentration of their diet, so that if the ME content 
of the diet is reduced they eat more of it, and if ME content is increased they eat less 
(see Chapter 17). However, the adjustment of intake does not fully compensate for 
the change in energy content, and the diets of layers are therefore kept to a small 
range in energy content, of 11.2-12.2 MJ ME/kg (12.5-13.5 MJ/kg DM). For Appen- 
dix 2, Table A2.10, a concentration of 11.1 MJ/kg (12.5 MJ/kg DM) has been as- 
sumed. Concentrations below 10 MJ/kg are likely to depress energy intake sufficiently 
to reduce egg production, and concentrations greater than 13 MJ/kg usually increase 
body weight gain rather than the number of eggs laid (although egg weight may be 
increased). The food intake of hens, like their maintenance requirement, is affected by 
the environmental temperature and falls by 1-2 per cent for each 1 °C rise in temper- 
ature in the range 10-30 °C. 


Protein 


Laying hens weighing 1.8 kg and consuming 110 g/day of a diet containing 11.1 MJ 
ME/kg require a total protein concentration of about 160 g/kg of diet. The amino acid 
requirements of layers have not been defined as accurately as those of chicks, because 
it is difficult to maintain a satisfactory level of egg production if dietary protein is 
given as mixtures of pure amino acids. For factorial calculations, it is assumed that 
amino acids can be incorporated in egg proteins with an average efficiency of 0.83. 
For example, the lysine content of eggs is 7.9 mg/g (see Table 15.3), so the hen’s pro- 
duction requirement for absorbed (i.e. available) lysine is 7.9/0.83 = 9.5 mg/g of egg 
produced. An equation for predicting the available lysine requirement of hens is: 


L=9.5E + 60W 


where L = available lysine (mg/day), E = egg production (g/day) and W = body 
weight (kg). 

Thus, the term 60 W estimates the maintenance requirement for available lysine. 
Similar equations are available for the other indispensable amino acids for which the 
requirements of layers have been quantified; in addition to lysine, these include me- 
thionine (often the first-limiting amino acid for layers), tryptophan and isoleucine. 
Glycine (or its substitute, serine) is apparently non-essential for layers. 
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When the amino acid levels of diets for layers are set, account needs to be taken 
of the fact that individual birds within a flock will be producing eggs at different 
rates, and their requirements will therefore differ. This is, of course, a problem with 
other livestock and other nutrients, but it has received special attention in its appli- 
cation to layers. The amino acid levels of the diet can be raised to ensure that the re- 
quirements of, say, 95 per cent of the flock will be satisfied, but this will increase the 
cost of the diet. Models have therefore been devised to compare the extra costs of 
raising amino acid levels with the extra returns expected from egg production. 

As the egg production of hens falls during the period of laying from the peak of 
90 per cent to perhaps 75 per cent, their requirements for amino acids (and other 
nutrients) decline. It is therefore possible to employ what is termed ‘phase feeding’ 
to reduce the protein content of their diet from an initial 170 g/kg to about 150 g/kg. 


Mineral elements 


The laying hen’s requirement for calcium is two to three times greater than that of the 
non-layer, because of the large quantities of calcium in the eggshell. The minimum re- 
quirement for maximum egg production is about 3 g/day, but maximum eggshell 
thickness is not achieved until calcium intake is increased to 3.8 g/day, with typical 
values of 4.1 g/day currently being fed. The whole quantity of calcium required is 
commonly included in the mash (meal) or pellets, but if the hen is given a separate 
source of calcium, as grit, then it is capable of adjusting its intake to its requirements. 
The hen’s requirement for calcium fluctuates during the day, and for the 12-14 hours 
in which it is forming the eggshell its requirement excedes the rate at which it can ab- 
sorb calcium. The hen therefore has to use its reserves of calcium, although it attempts 
to maximise the quantity absorbed by selecting calcium-rich foods (when possible) 
and improving absorption from the gut. The use of high-energy-density diets results in 
lower feed intakes and generally greater productive output. A consequence of this 
is that higher dietary concentrations of other nutrients are required — for example, 
many commercial diets now contain over 40 g/kg calcium. Phosphorus requirements 
are difficult to define because of uncertainties regarding the availability of phytate 
phosphorus; requirements are therefore often stated as non-phytin phosphorus or as 
the proportion of inorganic phosphorus to be added to the diet. 

Other elements that are likely to be deficient in normal diets are sodium, chlo- 
rine, iron, iodine, manganese and zinc. Common salt is generally added to the diet of 
laying hens and is beneficial in counteracting cannibalism and feather pecking. The 
requirement of poultry for sodium is met by the provision of 3.8 g NaCl per kilo- 
gram of diet. In excessive amounts, salt is definitely harmful, although adult birds 
can withstand 200 g/kg in the diet if adequate drinking water is available. The iron 
content of the egg is relatively high (see Table 15.3), and consequently the require- 
ment of the laying hen is large compared with the requirement for maintenance. Ex- 
cessive iron in the diet is, however, harmful and may give rise to rickets by rendering 
the phosphorus of the diet unavailable. Iodine and manganese are particularly im- 
portant for breeding hens, since a deficiency of either leads to a reduction in the 
hatchability of eggs and may also reduce the viability of the chicks after hatching. 
The requirements for manganese are influenced by breed differences and by the 
levels of calcium and phosphorus (and phytate) in the diet; manganese is more likely 
to be deficient in diets predominantly rich in maize than in those based on wheat or 
oats. Zinc deficiency in the diet of laying hens adversely affects egg production and 
hatchability and results in the production of weak chicks with a high mortality rate. 


15.4 


Nutrition and the growth of the foetus 


In the past, it is possible that the use of galvanised feeding and drinking troughs was 
an important source of zinc. 


Vitamins 


An important feature of the vitamin requirements of laying hens is that the mini- 
mum amounts required to ensure maximum egg production may be insufficient to 
provide for the normal growth of the chick, both before and after hatching. Require- 
ments for some vitamins are not known, but it appears that for most B vitamins the 
quantities needed for maximum hatchability are appreciably greater than those for 
egg production alone. For vitamins A and D this is not so. 

The value of B-carotene as a source of vitamin A for poultry depends upon a num- 
ber of factors, and it has been suggested that in practice this provitamin should be 
considered as having, on a weight basis, only 33 per cent of the value of vitamin A. 

Regarding vitamin D, it should be remembered that D3 (cholecalciferol) is about 
ten times as potent for poultry as D2 (ergocalciferol). 


NUTRITION AND THE GROWTH OF THE FOETUS 


The role of the placenta 


When the embryo becomes attached to the lining of the uterus, it produces tissues 
that link with those of the uterus to form the placenta; at this stage the embryo be- 
comes a foetus. The functions of the placenta are to feed nutrients into the foetus and 
to remove excretory products from it, and it carries out these functions by having ma- 
ternal and foetal blood vessels in close proximity to one another. Nutrients and 
metabolites pass from one circulation to the other by the same three types of process 
that operate in the gut (see Chapter 8). Simple diffusion (i.e. from high to low concen- 
tration) accounts for the transport of lactate, acetate, oxygen, carbon dioxide and 
urea; glucose also reaches the foetus by diffusion, but at a faster rate than can be 
accounted for solely by a concentration gradient. Nutrients kept at a higher concen- 
tration in foetal blood than in maternal blood must reach the foetus by the energy- 
demanding process of active transport; amino acids, electrolytes (minerals) and 
water-soluble vitamins enter the foetus by this process. Large molecules, such as lipids 
and proteins, are generally unable to pass through the placenta, but in some species 
the process of pinocytosis allows the transfer to the foetus of immunoglobulins 
produced by the mother. In farm animals, however, immunoglobulins are generally 
transferred after birth via the first-drawn milk, or colostrum (see Chapter 16). 

The placenta grows during the first two-thirds of pregnancy. In animals carrying 
two or more foetuses, the placental tissues have to be divided among them, thereby 
reducing the nutrient supply to each individual foetus and posing the danger that un- 
equal division may cause inadequate nourishment of some individuals and hence re- 
duce their birthweight; this is often the origin of the underweight (‘runt’) piglets in a 
newborn litter. The efficiency of the placenta in providing nutrients to the foetus(es) 
is dependent on its permeability and on the flow and nutrient concentrations of the 
maternal blood. Thus, circumstances that reduce the blood flow to the uterus, as heat 
stress may do by diverting blood to the mother’s exterior, will reduce foetal growth. 

The main source of energy for the foetus is glucose. The placenta also utilises 
glucose as an energy source for its transport operations. The foetus uses most of its 
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glucose supply to synthesise and maintain tissues consisting mainly of protein. Small 
excesses of glucose are used to synthesise energy stores of glycogen and lipid. In farm 
animals, however, these stores are small and amount to no more than 30 g of lipid per 
kilogram of body weight at birth. In ruminants, some acetate may also be used for 
lipid synthesis. In times of glucose scarcity, the foetus will use amino acids as an en- 
ergy source, but the latter are required mainly for protein synthesis. 


Nutrient requirements for foetal growth 


The growth of the foetus is accompanied by the growth of the placenta and also by 
the fluid-containing sacs that surround the foetus. In addition, the uterus itself en- 
larges.The organs and tissues that grow with the foetus are known collectively as the 
adnexa. The quantities of nutrients deposited in the foetus can be determined by 
killing animals at birth and analysing them, and the time course of nutrient deposi- 
tion during gestation can be determined by analysis of foetuses and adnexa obtained 
from animals slaughtered at successive stages of pregnancy. Figure 15.1 illustrates 
nutrient deposition in sheep foetuses alone and in foetuses plus adnexa (the gravid 
uterus); it is based on analyses made by the UK Agricultural Research Council of a 
number of experimental studies of the kind described above, and applies to a lamb 
weighing 4 kg at birth. Similar analyses have been made for cattle and pigs. 
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Days from conception 


. 15.1 Growth of the sheep foetus (e) and gravid uterus (m). 


Plotted from the equations of the Agricultural Research Council 1980 The Nutrient Requirements of 
Ruminant Livestock, Farnham Royal, Commonwealth Agricultural Bureaux. 


Nutrition and the growth of the foetus 


For the weight of the gravid uterus (uterus plus contents), and also for many of its 
components, the values shown in Fig. 15.1 are extremely small before about 63 days 
(9 weeks) of gestation but then increase rapidly to full term, at 147 days (21 weeks). 
The increases are particularly rapid in the last one-third of pregnancy (i.e. from day 
100 onwards). They are also faster for the foetus than for the gravid uterus, because 
the adnexa make their growth earlier, in mid-gestation. This is illustrated most clearly 
for the component sodium, most of which in mid-gestation is located in the foetal 
fluids. The main organic component is protein; fat forms a small proportion of the 
foetus, reaching only about 120 g, or 30 g/kg, at full term. 

The patterns of growth shown in Fig. 15.1 can be described by what are known as 
Gompertz growth equations, which have the form: 


log Y= A — Be“ 


where Y = the weight of the foetus or a component of it, A, B and C = constants, 
and x = day of gestation. 

Differentiation of the Gompertz equations allows the calculation of nutrient de- 
position at successive stages of gestation, and some illustrative figures are shown in 
Table 15.4. For comparative purposes, Table 15.4 includes some estimates of the 
maintenance requirements of 40 kg ewes, expressed as net requirements. Until the 
last one-third of gestation, nutrient requirements for intrauterine growth are so small 
relative to the ewe’s maintenance requirements that they can be ignored. By the end 
of gestation, requirements for energy retention in the uterus are still small (17 per 
cent of the net maintenance requirement), but those for specific nutrients become more 
appreciable. For example, the intrauterine requirement for calcium is over twice as 
great as the net maintenance requirement by the end of gestation. 

In horses, like farm animals, the majority of uterine and placental development 
occurs during the second trimester. The DE requirements are relatively small until 
approximately day 150 of gestation, but they equate to 24 per cent of total DE 
requirements by day 340. Protein requirements for pregnancy in early to mid-gestation 
are also low and assumed to be equivalent to maintenance requirements. From the 
fifth month of gestation onwards, requirements equate to 2.5 g of dietary crude 
protein per gram of foetal weight. Therefore, by day 340 of gestation, when foetal 
weight is around 48 kg, total crude protein requirements increase from 630 g/day 


Table 15.4 Daily deposition of energy and selected nutrients in the uterus of a 
sheep at successive stages of gestation, and leading to the birth of a 4 kg lamb 


Days (and weeks) Deposited in uterus (per day) 

from conception Energy (kJ) Protein (g) Calcium (g) Phosphorus (g) 
63 (9) 49.3 1.80 0.05 0.06 

91 (13) 145.0 5.00 0.30 0.23 

119 (17) 347.0 11.56 0.85 0.45 

147 (21) 699.0 22.85 1.45 0.57 

Ewe maintenance? 4000 33 0.64 0.56 


aApproximate net daily requirement for maintenance of a 40 kg ewe. 


Adapted from Agricultural Research Council 1980 The Nutrient Requirements of Ruminant Livestock, 
Farnham Royal, Commonwealth Agricultural Bureaux. 
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to approximately 840 g/day. Foal birthweight is estimated as 9.7 per cent of non- 
pregnant mare weight. 


Energy metabolism during gestation 


If a pregnant animal is given a constant daily allowance of food, its heat production 
will rise towards the end of gestation. The increase is due mainly to the additional 
energy required by the foetus for both maintenance and growth. It has been found 
that metabolisable energy taken in by the mother in addition to her own mainte- 
nance requirement is utilised by the foetus with comparatively low efficiency (i.e. 
low ką; see Chapter 11). For each additional MJ, only about 0.13 MJ is retained in 
the foetus, but the apparent k. value of 0.13 is not directly comparable with the 
other k factors discussed in Chapter 11, because the heat production includes the 
basal heat production of the foetus as well as the heat produced during synthesis of 
foetal tissues. The efficiency with which metabolisable energy is used for the growth 
of the foetus (i.e. excluding the maintenance of the foetus) has been estimated at 
about 0.4.The demands of the foetus for maintenance and growth lead eventually to 
a considerable increase in the energy requirements of the mother. For example, for a 
ewe weighing 40 kg at the start of gestation, and requiring 6 MJ of metabolisable en- 
ergy per day for maintenance, the total energy requirement will increase to about 
11 MJ/day by the end of gestation. Thus, the requirement for metabolisable energy 
in pregnancy is increased by far more than might be deduced from the storage of 
energy in the gravid uterus (see Table 15.4). 


Consequences of malnutrition in pregnancy 


Malnutrition — meaning both inadequate and excessive intakes of nutrients — may affect 
pregnancy in several ways. The fertilised egg may die at an early stage (i.e. embryo 
loss), or later in pregnancy the foetus may develop incorrectly and die; it may then be 
resorbed in utero, be expelled before full term (abortion) or be carried to full term 
(stillbirth). Less severe malnutrition may reduce the birthweight of the young, and the 
viability of small offspring may be diminished by their lack of strength or by their in- 
adequate reserves (e.g. of fat). In some circumstances, it is the mother, not the foetus, 
that suffers from malnutrition. The foetus has a high priority for nutrients and, if the 
mother has a low intake, her reserves will be used to meet the needs of the foetus. This 
priority is seen most strikingly in the case of iron, for the foetus can be adequately 
supplied with iron when the mother herself is anaemic. The protection thus afforded 


BOX 15.2 Mammary development 


This takes place throughout pregnancy, but it is only in the later stages that it proceeds rapidly 
enough to make appreciable nutrient demands. Even then the quantities of nutrients laid down in 
the gland are quite small. In the heifer, for example, it has been shown by the analysis of animals 
slaughtered at various intervals during pregnancy that even in the last 2 weeks, when mammary 
growth is proceeding at its fastest rate, the quantity of protein deposited daily is no more than 45 g; 
this is only 20 per cent of the net protein requirement for maintenance, or 30 per cent of the pro- 
tein deposited daily in the uterus at that stage of gestation. 
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BOX 15.3 Extrauterine growth during gestation 


The liveweight gains made by pregnant animals are often considerably greater than can be ac- 
counted for by the products of conception alone. For example, a litter of ten piglets and its associ- 
ated membranes may weigh 18 kg at birth, but sows frequently gain over 50 kg during gestation. 
The difference represents the growth of the mother herself, and sows may in their own tissues de- 
posit three to four times as much protein and five times as much calcium as is deposited in the prod- 
ucts of conception. This pregnancy anabolism, as it is sometimes called, is necessary in immature 
animals that are still growing, but it also occurs in older animals. Frequently, much of the weight 
gained during pregnancy is lost in the ensuing lactation. 

If maternal growth (or regrowth) is regarded as an essential feature of gestation, then allowance 
must be made for it in feeding standards. Table 15.5 shows the effect on the energy requirements of 
140 kg sows of providing for a maternal gain in gestation of 20 kg (most of this being made early in 
gestation, when requirements for foetal growth are small). Energy requirements for maternal growth 
are much larger than those for foetal growth; as a result, total daily energy requirement does not 
change much over the course of pregnancy and as a consequence recent rationing systems assume a 
fixed requirement of 0.5 MJ DE per day spread over the whole gestation. The practical consequence 
of this is that sows are often given a flat rate of feed (about 2.0-2.8 kg of meal providing 18-26 MJ NE 
per day) throughout pregnancy. 


Table 15.5 Digestible energy requirements (MJ/day) of a 140 kg sow for 
maintenance, foetal growth and maternal growth at successive stages of gestation 


Day of Maintenance Requirement Total 
gestation requirement for growth of requirement 


Foetuses, Maternal 
etc. tissues? 


10 19.1 0.0 7.7 
40 20.4 0.2 6.6 
80 23.6 0.8 2.5 
115 27.0 2.2 0.8 


*Total gain in gestation of 20 kg. 


Adapted from Agricultural Research Council 1981 The Nutrient Requirements of Pigs, Farnham Royal, 
Commonwealth Agricultural Bureaux. 


Younger sows continue to grow lean tissue during pregnancy, and so changes in body weight are 
not an accurate guide to changes in fat reserves (i.e. a sow gaining weight in pregnancy may still be 
losing fat). For this reason, the body condition score of sows may be included in models of energy 
requirements (see Agricultural and Food Research Council 1991, in Further reading). 

A high plane of feeding, especially towards the end of gestation, is sometimes advocated as a 
means of increasing piglet birthweight and also the sow’s mammary development; the greater en- 
ergy reserves of the piglet and the greater milk yield of the sow should then increase the viability 
and growth of the litter. In practice, the improvements tend to be insignificant. 


the foetus is not absolute, however, and in severe and prolonged deficiencies both 
foetus and mother will suffer. The degree of protection also varies from one nutrient to 
another, for although ewes as a result of an insufficient supply of energy may lose 
15 kg of body substance during pregnancy and still give birth to normal lambs, an 
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avitaminosis A that is without apparent effect on the ewe herself can lead to serious 
abnormalities in the young. The effects of underfeeding in pregnancy will also depend 
on the reserves of the mother, and particularly on the stage of pregnancy at which it 
occurs. In general, deficiencies are more serious the later they occur in pregnancy, but 
this rule is not invariable; for example, vitamin A deficiency in early pregnancy, by 
interfering with the initial development of certain organs, can lead to abnormalities 
and even death in the young. 


Effects on the young 


Deficiencies of individual nutrients in pregnancy must be severe to cause the death 
of foetuses; protein and vitamin A are the nutrients most likely to be implicated, 
although deaths through iodine, calcium, riboflavin and pantothenic acid deficien- 
cies have also been observed. Congenital deformities of nutritional origin often 
arise from vitamin A deficiency, which causes eye and bone malformations in par- 
ticular. Iodine deficiency causes goitre in the unborn and in pigs has been observed 
to result in a complete lack of hair in the young. Hairlessness can also be caused by 
an inadequate supply of riboflavin during pregnancy. Copper deficiency in the 
pregnant ewe leads to the condition of swayback in the lamb, as described earlier 
(see p. 123). 

In the early stages of pregnancy, when the nutritional demands of the embryo are 
still insignificant, the energy intake of the mother may influence embryo survival. In 
sheep and pigs, both very low and very high intakes of energy at this stage may be 
damaging, especially in females in poor condition at mating. As discussed earlier (see 
p. 388), the probable cause is a disturbance of the delicate hormone balance re- 
quired at this time for implantation of the embryo. There is now evidence, some of 
which comes from the culture of embryos in vitro, that nutrition early in pregnancy 
can influence the later development of foetuses, for example by modifying the distri- 
bution of muscle fibres. 

However, mid-pregnancy is a more critical period, because it is at this stage that 
nutrition affects the growth of the placenta. In the ewe, about two-thirds of the vari- 
ation in lamb birthweight is associated with variation in placenta weight. In sheep, a 
high plane of nutrition in mid-pregnancy restricts the growth of the placenta, possi- 
bly because a good supply of nutrients in blood can be transferred to the foetus with 
less than maximal placental development. Later in pregnancy, however, when the 
demands of the foetus are greater, its growth will be reduced because of the re- 
stricted growth of the placenta. The importance of this effect varies with the age and 
condition of the ewe; the practical recommendation is to feed older ewes and those 
in good body condition for a slight loss of weight in mid-pregnancy, but younger and 
thinner ewes should be fed to gain about 80 g/day. In pigs, a common recommenda- 
tion is that feeding for the first two-thirds of pregnancy should be at about the main- 
tenance level. 

In the last one-third of pregnancy, the requirements of the foetus(es) increase rap- 
idly, and a low plane of nutrition at this time will restrict foetal growth. Ewes kept 
under natural conditions (e.g. mountain pastures) are frequently underfed in late 
pregnancy and thus lose weight, produce lambs of low birthweight and have a reduced 
yield of colostrum. If the low plane of nutrition has been severe and prolonged 
enough, then additional feeding during the last few days of pregnancy has little 
effect. Low colostrum production may subsequently reduce lamb survival. Table 15.6 


Nutrition and the growth of the foetus 


Table 15.6 The effects of energy intake during the last five weeks of pregnancy 
on the liveweight gains of ewes, lamb birthweight and colostrum production 


Group Energy intake Liveweight change Birthweight of | Colostrum (ml) 
(MJ ME/day) of ewes (kg)? lambs (kg) in first 18 hours 
High plane 13 +6.5 4.3 2054 
Low plane 4 —2.5 4.8 994 
Low/high 4/13 +4 5.0 1315 
plane” 


aFrom 6 weeks before to immediately after parturition. 
bHigh plane during last 10 days of gestation. 


Adapted from Mellor and Murray 1985 Research in Veterinary Science 39: 235. 


illustrates the association between their weight losses, birthweights of their lambs 
and colostrum production. 

Young animals should be born with reserves of mineral elements, particularly 
iron and copper, and of vitamins A, D and E, because the milk, which may be the 
sole item of diet for a time after birth, is frequently poorly supplied with these nutri- 
ents. With regard to iron, it appears that if the mother is herself adequately supplied 
and is not anaemic, then the administration of extra iron, whether in her food or by 
injection, will have no influence on the iron reserves of the newborn. If, however, the 
mother is anaemic these reserves, though not haemoglobin, may be reduced. The 
copper and fat-soluble vitamin reserves of the newborn are more susceptible to 
improvement through the nutrition of the mother. Ewes supplemented with very high 
dietary levels of iodine in late pregnancy have reduced serum lamb immunoglobulin G 
(IgG) levels and a lower efficiency of colostoral IgG absorption, which can reduce 
their ability to fight infection. 


Effects on the mother 


The high priority of the foetus for nutrients may mean that the mother is the more 
severely affected by dietary deficiencies. The ability of the foetus to make the 
mother anaemic has already been mentioned; this situation is unusual in farm animals 
because their diets are normally well supplied with iron. 

The foetus has a high requirement for carbohydrate, and by virtue of its priority 
is able to maintain the sugar concentration of its own blood at a level higher than 
that of the mother. If the glucose supply of the mother is insufficient, then her 
blood glucose may fall considerably to levels at which nerve tissues (which rely on 
carbohydrate for energy) are affected. This occurs in sheep in the condition known as 
pregnancy toxaemia, which is prevalent in ewes in the last month of pregnancy. Af- 
fected animals become dull and lethargic, lose their appetite and show nervous signs 
such as trembling and holding the head at an unusual angle; in animals showing 
these signs, the mortality rate may be as high as 90 per cent. The disease occurs 
most frequently in ewes with more than one foetus — hence its alternative name 
‘twin lamb disease’ — and is most prevalent in times of food shortage and when the 
ewes are subjected to stress in the form of inclement weather or transportation. Loss 
of appetite is especially common among fat ewes. Blood samples from affected ani- 
mals usually show, in addition to hypoglycaemia, a marked rise in ketone content 
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and an increase in plasma free fatty acids. In the later stages of the disease, the ani- 
mal may suffer metabolic acidosis and renal failure. 

There does not appear to be one single cause of pregnancy toxaemia. The main 
predisposing factors are undoubtedly the high requirement of the foetus for glucose 
and possibly a fall in the carbohydrate supply of the mother, which may arise 
through food shortage or through a decline in appetite in late pregnancy. One bio- 
chemical explanation for the disease hinges on the fact that the tricarboxylic acid 
cycle cannot function correctly without an adequate supply of oxalacetate, which is 
derived from glucose or such glucogenic substances as propionate, glycerol and cer- 
tain amino acids. If the oxalacetate supply is curtailed, then acetyl-CoA, which is de- 
rived from fats or from acetate arising through rumen fermentation, is unable to 
enter the cycle and so follows an alternative pathway of metabolism that culminates 
in the formation of acetoacetate, B-hydroxybutyrate and acetone. In pregnancy tox- 
aemia, the balance between metabolites needing to enter the cycle is upset by a re- 
duction in glucose availability and an increase in acetyl-CoA production, the latter 
being caused by the animal having to metabolise its reserves of body fat. The clinical 
signs can thus be attributed both to hypoglycaemia and to the acidosis resulting from 
hyperketonaemia. An additional factor is that increased production of cortisol by the 
adrenal cortex in response to stress may reduce the utilisation of glucose; this possi- 
bility is supported by the fact that hyperketonaemia may continue after the blood 
glucose level has been restored to normal. 

The disease has been treated by the injection of glucose, by feeding with sub- 
stances likely to increase blood glucose levels, and by hormone therapy. Only mod- 
erate success has been achieved, however, and there is no doubt that the control of 
pregnancy toxaemia lies in the hands of the shepherd rather than the veterinary sur- 
geon. The condition can be prevented by ensuring an adequate food supply in late 
pregnancy and by using foods that supply glucose or its precursors rather than 
acetate, i.e. concentrates rather than roughages. 


SUMMARY 


1. 
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Nutrition can affect both the fertility and the 
fecundity of farm animals, through its influ- 
ence on age at puberty, on the production of 
ova and spermatozoa, and on the survival and 
growth of embryos and foetuses. 


. Cattle reach puberty at a specific skeletal size 


rather than at a fixed age or weight. Pigs reach 
puberty at a fixed age, and so nutrition has lit- 
tle effect. Well-nourished sheep reach puberty 
at about 6 months of age, but poorer animals 
will not reach puberty until the following 
breeding season (i.e. at 18 months of age). 


. Sheep in good or improving body condition 


produce more ova than those in poorer 


4. 


condition. This observation has led to the 
practice of ‘flushing’, by which the nutrition of 
ewes is improved for a few weeks before 
mating. In cattle, the demand for nutrients for 
lactation may interfere with reconception 2-3 
months after calving. 


Deficiencies of protein, vitamins and minerals 
affect reproduction indirectly, through their 
effects on the general health of animals, but a 
few have more specific effects on reproduc- 
tion. Thus, zinc deficiency in males reduces the 
production of spermatozoa, and vitamin A 
deficiency causes congenital abnormalities 

in foetuses. 


5. Egg production in poultry imposes large 


requirements for nutrients, especially amino 
acids and calcium, and these have been quanti- 
fied in the form of detailed feeding standards. 


. For mammals, net requirements for the 
growth of the foetus increase exponentially 
during gestation and are quantitatively signifi- 
cant in the last one-third of this period. Nutri- 
ents are also required for the growth of the 
foetal membranes, uterus, mammary glands 
and (in some cases) the body reserves of the 
mother. 


. The placenta has a key role in ensuring that 
the foetus receives optimal supplies of nutri- 
ents, but overfeeding in mid-pregnancy 
restricts the size of the placenta and hence 


8. 


Further reading 


reduces birthweight. Underfeeding in late 
pregnancy also reduces birthweight. 


Nutrient deficiencies in pregnancy may affect 
either or both the mother and the foetus. Many 
vitamin and mineral deficiencies (referred to in 
Chapters 5 and 6) are manifested in the foetus 
first. In the ewe, pregnancy toxaemia — which 
is basically a deficiency of glucose — is caused 
by the large demand for glucose by the foetus 
(often twin foetuses) and by a reduction in 
food intake in late gestation. 


. In horses, information regarding fertility and 


requirements during pregnancy is lacking, 
although the general pattern of growth of 
foetal and non-foetal tissues appears similar to 
that of cattle, sheep and pigs. 


QUESTIONS 


15.1a For a ewe in body condition score 1.0 6 weeks before mating, what are the 
consequences on liveweight and ovulation rate from increasing body condi- 
tion to 1.5 at mating compared with a ewe that was body condition 1.5 6 weeks 
before mating and served at 1.5? 


15.1b For a ewe in body condition score 2.5 6 weeks before mating, what are the 
consequences on liveweight and ovulation rate from increasing body condi- 
tion to 3.0 at mating compared with a ewe that was body condition 3.0 6 weeks 


before mating and served at body condition 3.0? 


15.2 In cattle, what is the effect of a low plane of nutrition compared with a high 
plane of nutrition, on age, weight, withers height and empty body fat 


per cent at puberty? 


15.3 Fora flock of hens weighing 1.8 kg and producing 80 per cent egg output, 


calculate the metabolisable energy requirements. 


15.4 What is the lysine requirement (mg/day) for a hen weighing 1.8 kg with an 


80 per cent output, producing eggs weighing 57 g? 


15.5 Explain why a high plane of nutrition during mid-pregnancy is detrimental to 
lamb birthweight and discuss why the nutrient demand of the developing 


foetus is only of significance during the final trimester of pregnancy. 


15.6 Discuss the main factors contributing to pregnancy toxaemia (twin lamb 


disease) in sheep, and outline dietary strategies to prevent this. 
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Lactation 


16.1 Sources of milk constituents 

16.2 Nutrient requirements of the lactating dairy cow 
16.3 Nutrient requirements of the lactating dairy goat 
16.4 Nutrient requirements of the lactating ewe 

16.5 Nutrient requirements of the lactating sow 

16.6 Nutrient requirements of the lactating mare 


This chapter is concerned with the nutrient requirements for milk production, which in- 
volves a conversion of nutrients on a large scale and is a considerable biochemical and 
physiological achievement. A high-yielding dairy cow, for example, may in a single lac- 
tation produce five times as much dry matter in the form of milk as is present in her own 
body. The raw materials from which the milk constituents are derived, and the energy 
for the synthesis of certain of these in the mammary gland, are supplied by the food. 
The actual requirement for food depends upon the amount and composition of the 
milk being produced. 

Qualitatively the milk of all species is similar in composition, although the detailed 
constitution of the various fractions such as protein and fat varies from species to 
species. Table 16.1 shows the typical composition of the milk of farm animals. 

The major constituent of milk is water. Dissolved in the water are a wide range of inor- 
ganic elements, soluble nitrogenous substances such as amino acids, creatine, urea and 
the water-soluble protein albumin, lactose, enzymes, water-soluble vitamins of the B com- 
plex and vitamin C. In colloidal suspension in this solution are inorganic substances, mostly 
compounds of calcium and phosphorus, and the protein casein. Dispersed throughout the 
aqueous phase is a suspension of minute milk fat globules. Triacylglycerols make up about 
98 per cent of the fat phase, the remainder being composed of certain fat-associated 


Table 16.1 The composition of milk of farm animals (g/kg) 


Fat Protein Lactose Calcium Phosphorus Magnesium 
Cow 37 34 48 1.2 0.9 0.12 
Goat 45 33 41 1.3 1.1 0.20 
Ewe 74 55 48 1.6 1.3 0.17 
Sow 85 58 48 2.5 1.7 0.20 
Mare 15 23 64 1.1 0.6 0.06 
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substances such as phospholipids, cholesterol, the fat-soluble vitamins, pigments, traces 
of protein and heavy metals. The fat phase is usually referred to simply as ‘fat’ and the 
remaining constituents, other than water, are classified as 'solids-not-fat' (SNF). 


16.1 SOURCES OF MILK CONSTITUENTS 


All or most of the major milk constituents are synthesised in the mammary gland 
from various precursors that are selectively absorbed from the blood. The gland also 
exerts this selective filtering action on certain proteins, minerals and vitamins, which 
are not elaborated by it but are simply transferred directly from the blood to the milk. 


Milk proteins 


About 95 per cent of the nitrogen in milk is in the form of protein, the remainder 
being present in substances such as urea, creatine, glucosamine and ammonia, which 
filter from the blood into the milk. In this respect milk functions as an alternative ex- 
cretory outlet to urine. The protein fraction is dominated by the caseins. In cow’s 
milk there are five of these, 01,4-, Os2-, B-, K- and y-casein, which together contain 
about 78 per cent of the total milk nitrogen. The protein in next greatest amount is 
B-lactoglobulin. The remainder of the fraction is made up of small amounts of 
a-lactalbumin, serum albumin and the immune globulins, pseudo-globulin and 
euglobulin, all of which are absorbed directly from the blood. 

Amino acids are absorbed by the mammary gland in quantities sufficient to ac- 
count for the protein synthesised within it. Considerable interconversion of amino 
acids occurs before synthesis, and certain amino acids are important as sources of 
others. Thus, ornithine, which does not appear in milk protein, is absorbed and re- 
tained in large quantities by the mammary gland and has been shown to be a precur- 
sor of proline, glutamate and aspartate. Synthesis of the carbohydrate moieties of 
the proteins takes place in the mammary gland, as does phosphorylation of serine 
and threonine before their incorporation into the caseins. 


Lactose 


With the exception of traces of glucose, neutral and acid oligosaccharides and galac- 
tose, lactose is the only carbohydrate in milk. Chemically a molecule of lactose is 
produced by the union of one glucose and one galactose residue in the presence of 
an o.-lactalbumin-dependent enzyme (see Chapter 9). The galactose is derived almost 
entirely from glucose, but a small part comes from glycerol. Virtually all the glucose 
is derived from the blood. 


Milk fat 


Apart from a minor fraction associated with the fat globule membrane, milk fat con- 
sists of a mixture of triacylglycerols containing a wide range of saturated and unsat- 
urated fatty acids. The predominant saturated acid is palmitic acid and the 
unsaturated acids consist mainly of oleic acid with small contributions from linoleic 
acid and linolenic acid. The molar proportions of the fatty acids in the milk fats of 
different species are given in Table 16.2. 

The fats are characterised by the presence of fatty acids of medium chain length 
(8:0 to 12:0) that are specific to the mammary gland. Ruminant milk fats are further 
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Table 16.2 Fatty acid composition (molar proportions) of milk lipids 


Fatty acid Cow Goat Sow Mare 

Saturated 
Butanoic (Ca.o) 0.031 0.013 _ 0.004 
Hexanoic (C¢.9) 0.019 0.028 _ 0.009 
Octanoic (Cs.o) 0.008 0.083 _ 0.026 
Decanoic (Cu1o.o) 0.020 0.129 0.002 0.055 
Dodecanoic (C42.o) 0.039 0.036 0.003 0.056 
Tetradecanoic (C14:0) 0.106 0.102 0.033 0.070 
Hexadecanoic (C16:0) 0.281 0.245 0.303 0.161 
Octadecanoic (C18:0) 0.085 0.098 0.040 0.029 

Unsaturated 
Hexadecenoic (C16:1) _ 0.009 0.099 0.075 
Octadecenoic (C18:1) 0.364 0.233 0.353 0.187 
Octadecadienoic (C1g.2) 0.037 0.018 0.130 0.076 
Octadecatrienoic (C1g.3) _ _ 0.025 0.161 
Others _ 0.008 _ 0.081 


From Bickerstaff R 1970 Uptake and metabolism of fat in the lactating mammary gland. In: 
Falconer l (ed.) Lactation, London, Butterworth. 


characterised by the presence of the low-molecular-weight butanoic (4:0) and hexa- 
noic (6:0) acids, which here form 0.05 of the total fatty acids, on a molar basis. The 
milk fat of the mare also contains these acids, but the horse too is adapted for the fer- 
mentation of roughages with consequent production of volatile fatty acids in the gut. 
Table 16.3 gives a more comprehensive analysis of bovine milk fat and illustrates the 
wide range of fatty acids present. Over 400 fatty acids have been identified, including 
those with odd numbers of carbon atoms and those with branched chains. 

The fatty acids of milk fat are derived from two sources. The first is the chylo- 
microns and very low-density lipoproteins of the blood. The second is synthesis from 


Table 16.3 Total fatty acid composition of bovine milk lipids 


Fatty acid Weight (%) Fatty acid Weight (%) 
C4.9 3.3 C16:0° 0.20 
C6:0 2.3 C16:0 34.5 
Ce.9 1.3 C161 1.4 
Cibi 0.16 Cigo 9.8 
Chi 0.02 Cia? 1.9 
Cy4:0° 0.04 C18:2 c-9,t-11 0.6 
C14:0 10.0 Cy8:2 t-10,c-12 0.01 
Cas 0.85 Cas 0.25 
Ciso 0.81 Czo 0.13 


aBranched chain. 


Adapted from Givens D I, Kliem K E, Humphries D J, Shingfield K J and Morgan R 2009 Animal 
3: 1067-74. 
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acetate via the cytosolic malonyl-CoA pathway. In non-ruminant animals the acetate 
is produced from glucose absorbed from the blood, whereas in ruminants it is derived 
from circulating blood acetate. Glucose also provides some of the glycerol moiety of 
the triacylglycerols, via the glycerol-3-phosphate pathway, as well as the reduced 
NADP* required for the cytosolic synthesis of the fatty acids. The major product of 
this pathway is palmitic acid. There is evidence that in non-ruminants this may 
undergo chain elongation, but in ruminants this does not appear to be so. The 8:0 to 
12:0 acids are produced by premature termination of the pathway. In the non-ruminant 
this is enzymatic, whereas in the ruminant it is an inherent property of the synthase 
system. Desaturation of acids takes place in both ruminant and non-ruminant mam- 
mary tissue, the products being 18:1 and 16:1 acids. The 4:0 and 6:0 acids are pro- 
duced mainly by de novo synthesis from acetate in the mammary gland. However, 
D-3-hydroxybutyrate can be absorbed from the blood and used as a source of butyryl- 
CoA, which then joins the cytosolic pathway. Ruminant mammary gland tissue is 
unique in being able to esterify these acids into triacylglycerols. Acids with odd 
numbers of carbon atoms and those having branched chains are synthesised from 
propionate via methyl malonyl coenzyme A and the synthetase system. 

About half the total acids of milk fat arise from blood lipids and the rest from de novo 
synthesis in the mammary gland. Ultimately all the acids of milk fat originate from the 
products of digestion, but not all do so directly; some come from endogenous acetate 
and fatty acids after storage and mobilisation in the body, particularly in early lactation. 

The part of the glycerol moiety of the fat that is not derived from glucose origi- 
nates in the acylglycerols of the blood. 

Milk fat yield is influenced by the balance of fat synthesis and mobilisation. This 
is under hormonal control but depends upon the balance of glucogenic substances in 
the products of digestion. Thus, a high proportion of propionate, glucose and amino 
acids stimulates fat deposition in adipose tissue and reduces the supply of fat precur- 
sors to the mammary gland. 


Minerals 


The inorganic elements of milk may be divided conveniently into two groups. The first 
is composed of the major elements calcium, phosphorus, sodium, magnesium and 
chlorine. The second group, the trace elements, contains some 25 elements whose pres- 
ence in milk has been well authenticated; these include metals such as aluminium and 
tin; the metalloids boron, arsenic and silicon; and the halogens fluorine, bromine and 
iodine. Such substances are present in very small amounts, and their presence in milk 
is coincidental with their presence in blood; nevertheless, they may have an important 
bearing on the nutritive value of the milk and on the health and well-being of the suck- 
led animal. The inorganic constituents of milk are absorbed directly from the blood by 
the mammary gland, which shows considerable selectivity; the gland is able to block 
the entry of some elements, such as selenium and fluorine, but allows the passage of 
others, such as zinc and molybdenum. This selectivity may be a considerable disadvan- 
tage when it acts against elements whose presence at increased levels in milk would be 
desirable. Copper and iron, for example, are both elements important in haemoglobin 
formation and therefore for the nutrition of the young animal. Yet despite the fact 
that the levels of iron and copper in milk are never adequate, they cannot be raised 
by giving increased amounts to the lactating animal, even when blood levels of these 
elements are so raised. The iron content of colostrum, the milk produced in the 
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immediate postpartum period, may be up to 15 times that of normal milk. However, 
during this time, transfer of substances between blood and milk is abnormal. 


Vitamins 


Vitamins are not synthesised in the mammary gland and those present in milk are 
absorbed from the blood. Milk has considerable vitamin A potency owing to the 
presence of both vitamin A and B-carotene. The amounts of vitamins C and D pres- 
ent are very small, and vitamins E and K occur only as traces. There is a large range 
of B vitamins in milk, including thiamin, riboflavin, nicotinic acid, Bg, pantothenic 
acid, biotin, folic acid, choline, B12 and inositol. 

Figure 16.1 summarises the origins of the milk constituents. 
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Fig. 16.1 Origin of the major milk constituents. 
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It will be clear from the foregoing that the mammary gland must be supplied with a 
wide range of materials if it is to perform its function of producing milk. In order for 
specific milk proteins to be synthesised, essential amino acids have to be available. In 
addition, a supply of non-essential amino acids or the raw materials for their synthesis 
must also be provided and non-specific milk proteins must be supplied as such. 

Glucose and acetate are required for lactose and fat synthesis, and minerals and 
vitamins must be provided in quantities that allow the maintenance of normal levels 
of these milk constituents. The substances themselves, or the raw materials from 
which they are produced, have to be supplied either from the food or from the prod- 
ucts of microbial activity in the alimentary canal. 


16.2 NUTRIENT REQUIREMENTS OF THE LACTATING DAIRY COW 


The nutrient requirements of the dairy cow for milk production depend upon the 
amount of milk being produced and its composition. 


Milk yield 


The yield of milk is decided primarily by the breed of the cow. Generally speaking, 
the order of yield for the main British dairy breeds is Holstein, Friesian, Ayrshire, 
Guernsey and Jersey (Table 16.4). 

There are, however, considerable intrabreed variations with strain and individual- 
ity. Thus, certain strains and individuals of a low-yielding breed may often outyield 
others of a higher-yielding breed. Old cows tend to have higher yields than younger 
animals, but the main short-term factor affecting milk yield is the stage of lactation. 
Yield in machine milked cows generally increases from parturition to about 35 days 
postpartum and then falls regularly at the rate of about 2-2.5 per cent per week 
(1.5-2.0 per cent for first-lactation animals) to the end of lactation. In individual 
cases, yield frequently reaches a peak earlier in lactation and the fall thereafter is 
much sharper. 

As a result of these factors, the yield of milk may vary over a very wide range. 
Fortunately, such variations present little difficulty in assessing the nutrient require- 
ments of the cow, since yield is easily and conveniently measured. 

When estimates of yield are necessary for the long-term planning of the feeding 
of the lactating cow, several useful generalisations may be made that allow prediction 
of yield at a given stage of lactation. Thus, peak yield may be calculated as one 


Table 16.4 Milk yields of the main British breeds of dairy cows 


Breed Average lactation yield (kg) 
Holstein 8219 

Jersey 5617 

Ayrshire 6384 

Friesian 6784 

Guernsey 5587 

Shorthorn 6008 

All breeds 8020° 


*Weighted for cow numbers. 


Adapted from National Milk Records Production Annual Report 2008. 
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two-hundredth of the expected lactation yield (one two-hundred and fiftieth for 
first-lactation animals) or as 1.1 times the yield recorded 2 weeks postpartum, e.g. a 
fourth-lactation cow yielding 27 kg at this time could be expected to have a peak 
yield of 30 kg and have a lactation yield of 6000 kg. The assumption of a weekly rate 
of decline from peak yield of 2.5 per cent per week is useful in predicting milk yield 
and also in monitoring deviations from normality during the progress of lactation. 
Such estimates are relatively imprecise, and attempts to increase accuracy have re- 
sulted in highly sophisticated mathematical descriptions of the changes in yield with 
lactation. 

In 1976, Wood (see Further reading) suggested that the yield of milk on any day 
postpartum (y) may be calculated using equations of the following type: 


b,—cn 


y(n) = ane” 
where n = week of location, a = a positive scalar directly related to total milk pro- 
duction, b = an index of the animal’s capacity to utilise energy for milk production, and 
c = a decay rate. 

Values for a, b and c may be obtained from lactation yield data by a least-squares 
procedure. The constants for yield groups may then be used to predict week of peak 
yield (b/c) and daily yield in a given week of lactation. Typical figures for a cow with 
an expected lactation yield of 5500 kg would be: 


a = 26.69 
b = 0.03996 
c = 0.00942 


Week of peak yield would then be 4.24 (0.03996/0.00942) and predicted maxi- 
mum daily yield 27.17 kg. 

The Wood equation has been criticised in that it predicts zero yield at parturition, 
which, in the light of the development of the secretory potential of the mammary 
gland at parturition, is obviously not so. A number of alternatives have been put for- 
ward. Most have been more complex and have proved to give less satisfactory per- 
formance. That of Emmans and Fisher 1986 


dY/dt = a{exp[—exp(Gp — bt)])[exp(—ct)] 


marginally outperforms the Wood equation, the proportion of variation explained 
(R*) being 0.84 compared with 0.82, and dispersion around the regression line 
(residual standard deviation) being 1.74 compared with 1.86. In addition, it does not 
predict zero yield at parturition and is more easily interpretable in biological terms. 
It does so, however, at the expense of increased complexity and the introduction of 
an extra term. 

The Agricultural and Food Research Council in 1993 proposed the use of the 
Morant equation (1989): 


Y (kg/day) = expla — btl (1 + kt) + ctl? + d/t] 
where b, c and k = constants varying with parity and lactation yield, a = the natu- 
ral log of the expected yield at day 150 of lactation, t = days since calving, and 
tl = (t — 150)/100. 
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Fig. 16.2 Yield prediction curves for lactation yield of about 7000 kg. 


Figure 16.2 shows constructed yield curves for the lactation of a cow yielding about 
7000 kg of milk in 48 weeks. 


Milk composition 


The composition of milk varies with a number of non-nutritional factors. Milking 
technique may have a profound effect on fat content and thus on total solids content, 
since incomplete milking may leave a considerable volume of fat-rich milk in the 
udder. Unequal intervals between milkings may reduce yield and fat content when a 
single interval exceeds 16 hours, especially with high-yielding cows. Diseases, par- 
ticularly mastitis, may reduce the yield and compositional quality of milk; lactose 
and potassium contents are lowered and those of sodium and chloride raised. 
Changes in fat content are erratic, but crude protein shows little change. The net 
result, depending upon the severity of the infection, is a reduction in solids-not-fat 
and total solids content. 

In a well-managed herd, none of these factors should be of any importance. Cer- 
tain variations in composition have to be accepted, however, since they are in- 
evitable in a given herd. The factors responsible for these variations are breed, strain, 
individuality, age of cow and stage of lactation. 


Effect of breed, strain within the breed and individuality 
on milk composition 
There is a definite breed order in relation to milk quality, which is the reverse of that 
for milk yield. From Table 16.5 it can be seen that the Jersey produces the highest- 
quality milk and the high-yielding Holstein gives the lowest-quality product. 
Typical values for the lactose, ash and major mineral content of different breeds 
is given in Table 16.6. Strain and individuality of the cows have an important effect 
on milk composition, and many Holstein cows may average more than 40 g fat/kg 
and 33 g protein/kg over a lactation, whereas some Channel Island cows may not 
match these figures. Typical ranges in composition within four breeds are given in 
Table 16.7. 
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Table 16.5 Average values for the fat and protein contents of 
the milk of the main British breeds of dairy cows 


Breed Fat (g/kg) Protein (g/kg) 
Holstein 39.1 32.2 
Jersey 52.9 38.4 
Ayrshire 40.5 33.3 
Friesian 40.7 33.5 
Guernsey 46.8 35.5 
Shorthorn 37.8 32.8 

All breeds 40.74 32.9? 


aWeighted for cow numbers. 


Adapted from National Milk Records Production Annual Report 2008. 


Table 16.6 Average values for the detailed composition of the milk of four 
British dairy breeds 


Constituent (g/kg) Ayrshire Friesian Guernsey Shorthorn 
Lactose 45.7 44.6 46.2 45.1 
Ash 7.0 7.5 7.7 7.6 
Calcium 1.16 1.13 1.30 1.21 
Phosphorus 0.93 0.90 1.02 0.96 


Adapted from Rook J A F 1961 Dairy Science Abstracts 23: 251. 


Table 16.7 Within-breed variation in the composition of cow's milk (g/kg)? 


Constituent (g/kg) Ayrshire Friesian Guernsey Shorthorn 
Fat 35.7-38.7 33.2-37.2 43.1-49.0 33.7-38.1 
SNF 86.5-89.4 84.0-87.5 88.2-93.0 85.7-89.0 
Protein 33.0-34.7 32.0-34.4 33.9-37.3 31.6-34.2 
Lactose 43.7-46.8 43.0-46.0 45.7-47.3 43.8-45.9 


#Annual averages for individual herds. 


Adapted from Rook J A F 1961 Dairy Science Abstracts 23: 251. 


Effect of age on milk composition 


As the age of the cow increases, so the quality of the milk produced becomes poorer. 
This is shown for Ayrshire cows in Table 16.8. 

The regression of SNF content on age is linear and the decrease occurs almost 
equally in lactose and protein. Fat content, on the other hand, is relatively constant 
for the first four lactations and then decreases gradually with age. Studies on com- 
mercial herds indicate that over the first five lactations there is a linear decline in 
fat and SNF contents of about 2 g/kg and 4 g/kg, respectively. The age frequency 
distribution of a herd may profoundly affect the composition of the mixed herd 
milk. 
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Table 16.8 Effect of age of cow on the composition of milk (g/kg) 


Lactation Fat Solids-not-fat Crude protein Lactose 
1 41.1 90.1 33.6 47.2 
2 40.6 89.2 33.5 46.2 
3 40.3 88.2 32.8 45.9 
4 40.2 88.4 33.0 45.7 
5 39.0 87.2 32.6 45.3 
6 39.1 87.4 33.0 44.8 
7 39.4 86.7 32.5 44.8 
8 38.2 86.5 32.3 44.4 
9 40.3 87.0 32.7 44.8 

10 38.3 86.6 32.5 44.6 

11 37.7 86.1 31.6 44.6 


After Waite R et al. 1956 Journal of Dairy Research 23: 65. 


Effect of stage of lactation on milk composition 


Advancing lactation has a marked effect on the composition of milk, which is of 
poorest quality during that period when yield is at its highest. Both fat and SNF con- 
tents are low at this time and then improve gradually until the last 3 months of the 
lactation, when the improvement is more rapid. The changes are shown for Ayrshire 
cows in Fig. 16.3. 

Solids-not-fat content fell during the first 7 weeks of lactation, being the resultant 
of the fall in crude protein content from day 15 to day 45 (2.8 g/kg) and the rise in 
lactose content (0.4 g/kg) that took place during this period. Subsequently, the rise 
in protein content outweighed the fall in lactose content and the SNF content rose to 
the end of lactation. Fat content fell sharply in early lactation when yield was rising 
rapidly and then continued to fall more slowly, until day 75 of lactation. Thereafter, 
fat content rose slowly until day 195, after which the rise was much faster. 

Assessment of milk composition is a more difficult task than assessment of milk 
yield, since there are five main variables to consider. Modern analytical methods 
allow for routine milk analysis on a large scale, and values for fat, lactose and protein 
contents of herd bulk milks are now readily available. When analytical results are not 
available, assumptions are often made concerning the quantitative relationships be- 
tween constituents, which allow composition to be predicted from the content of a 
single, easily determined constituent, usually fat. 


Energy requirements 


Energy requirements for lactation involve an estimate of the gross energy value (EV)) 
of the milk, which may be used along with the yield to estimate the net energy 
requirement for milk production. 


The energy value of milk 

Determination of the gross energy of milk involves either bomb calorimetry or a de- 
tailed chemical analysis; the amounts of fat, lactose and protein are then multiplied 
by their energy values and the products summed, as illustrated in Table 16.9. 
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Fig. 16.3 Effect of lactation on the composition of the milk of the dairy cow. 


After Waite R et al. 1956 Journal of Dairy Research 23: 65. 


Table 16.9 Calculation of the gross energy value of milk 


Constituent Content (g/kg) Gross energy (MJ/kg) Gross energy (MJ/kg milk) 
Fat 40 38.12 1.52 
Protein 34 24.52 0.83 
Carbohydrate 47 16.54 0.78 
Milk 3.13 


The following equation based on the fat content of the milk can be used to calcu- 
late the energy content: 


EV,(MJ/kg) = 1.509 + 0.0406F 


in which F is fat content (g/kg). The equation has a standard error of estimate of 
0.089 MJ/kg. 
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Table 16.10 Energy values of the milks of the main 
British breeds of dairy cows 


Breed Energy value (MJ/kg) 
Holstein 3.09 
Jersey 3.74 
Ayrshire 3.17 
Friesian 3.18 
Shorthorn 3.05 
SCM 3.12? 


Solids corrected milk with 40 g fat/kg and 32 g protein/kg. 


More accurate assessments may be obtained by including protein (P) or protein 
and lactose (L) (both g/kg) in the prediction equation: 


EV, (MJ/kg) = 0.0376F + 0.0209P + 0.948 
EV\(MJ/kg) = 0.0384F + 0.0223P + 0.0199L — 0.108 


The standard error of estimate is thus reduced to 0.066 and 0.035, respectively. 

When compositional data are not available, the energy values shown in Table 16.10, 
based on breed average fat and SNF values, may be used, but with considerable 
reservations. 

The net requirement for energy for milk production is the product of the energy 
value and the yield. The next step in the factorial estimate is the calculation of the 
amount of food energy required to provide the estimated net requirement. For this, 
the efficiency of utilisation of food energy for milk production must be known. 


Efficiency of utilisation of food energy for milk production 


From the calorimetric work of Forbes, Fries and Kellner, an efficiency of utilisation 
of metabolisable energy for milk production (kj) of about 0.70 is indicated. More 
recent estimates of ki have varied widely from 0.50 to 0.81, but the majority cluster 
around 0.60-0.65. There is considerable evidence that much of the variation is due 
to differences in the energy concentration of the diet. Van Es has suggested that the 
efficiency of utilisation of metabolisable energy for milk production is related to 
the metabolisability (qm) of the diet, defined as the ME (MJ/kg DM) at the mainte- 
nance level as a proportion of the gross energy (MJ/kg DM). His implied relation- 
ships for (a) Dutch and (b) American data are: 


(a) kı = 0.385 + 0.38qm 
(b) kı = 0.466 + 0.28qm 


where ki is the efficiency of utilisation of ME for milk production at zero weight 
change. More recently, AFRC (1993) has suggested that ki is best calculated as follows: 


ki = 0.35qm + 0.42 


It has become common in deriving energy allowances to assume that the gross en- 
ergy of the dry matter of all foods is constant at 18.4 MJ/kg and to transform this re- 
lationship to give: 


kı = 0.019 M/D + 0.42 
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allowing ki to be calculated from the energy concentration of the diet. For certain 
foods, such as silage and high-fat dairy compounds, which frequently comprise a 
major part of the diets of lactating cows, the assumption is not valid and the equa- 
tion based on metabolisability should be used. In such cases, estimates of the gross 
energy of the foods are needed, since routine bomb calorimetry is not feasible. 
Values calculated from the proximate composition are an acceptable alternative: 


GE (MJ/kg) = 0.0226CP + 0.0407EE + 0.0192CF + 0.0177NFE 


in which CP, EE, CF and NFE are stated as g/kg. When neither calorimetric nor com- 
positional data are available, silages should be allocated a gross energy of 19.2 MJ/kg 
DM, high-oil compound foods a value of 19.4 MJ/kg DM and all other foods a value 
of 18.4 MJ/kg DM. Efficiency of utilisation of ME for milk production will vary from 
0.61 to 0.67 for diets with g,, 0.55 to 0.70. The range of energy concentrations en- 
countered with diets for milk production is narrow and it is widely held that a single 
factor could be adopted without causing significant error; 0.62 is widely used. 

The efficiency of utilisation of metabolisable energy is influenced by the level of 
protein in the diet. When protein content is inadequate, body tissues are catabolised 
to make good the deficiency, a process that is wasteful of energy. When protein con- 
tent is too high, excess amino acids are used as a source of energy. Since protein is 
used relatively inefficiently for this purpose, the overall efficiency of utilisation of 
metabolisable energy is reduced. 

There is some evidence (Fig. 16.4) that the efficiency of utilisation of metabolis- 
able energy for milk production is influenced by the proportion of acetate in the 
fatty acids produced during rumen fermentation. 
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Fig. 16.4 Energetic efficiency of lactation. 


After Blaxter K L 1967 The Energy Metabolism of Ruminants, London, Hutchinson, p. 259. 
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It would appear that when the proportion of acetate is below 0.50, the cow is un- 
able to synthesise sufficient of the lower- and medium-chain fatty acids that form a 
large part of milk fat; when the proportion of acetate in the total fatty acid produc- 
tion is greater than 0.65, efficiency is lowered owing to a shortage of propionate. This 
may limit the extent of gluconeogenesis from propionate, and gluconeogenic amino 
acids may be catabolised to make good the deficit. Gluconeogenesis from amino 
acids is a less efficient process and overall efficiency will be reduced. In addition, 
such catabolism may result in a shortage of amino acids for protein synthesis. The 
efficiency of utilisation of acetate depends on a supply of NADH, which in turn 
depends on a supply of glucose, which may be insufficient if gluconeogenesis is 
reduced. 

There is other evidence that milk energy output is decreased when acetate forms 
less than 0.5-0.55 and propionate more than 0.35-0.45 of the rumen volatile fatty 
acids. This is thought to be the result of a reorientation of metabolism towards in- 
creased lipogenesis in adipose tissue and decreased lipogenesis in the mammary gland. 

The inclusion of correction factors to allow for the effects of protein level and 
volatile fatty acid patterns on kj is not justifiable, since the effects cannot be adequately 
quantified. At the same time, protein provides such a small proportion of the energy de- 
mand that any correction would be almost negligible. The effect of changes in the pro- 
portions of the volatile fatty acids within the normal range would be small and would 
in any case be partly taken into account by its association with energy concentration. 

The requirement for metabolisable energy for milk production (Mı) may thus be 
calculated as: 


M\(MJ/kg) = EV,/(0.35qm + 0.42) 


The ME requirements of a cow producing milk having 40 g/kg fat, 34 g/kg protein 
and 48 g/kg lactose, and receiving a diet with qm = 0.60, would be 5.0 MJ/kg. 


Liveweight change in lactation 


Lactating cows are usually gaining or losing body weight. A cow losing weight would 
be making reserves of energy available to maintain her level of milk production. If 
on the other hand she was gaining weight, some of the production ration would be 
diverted from milk production for this purpose. 

Values quoted in the literature for the energy value of liveweight gain in dairy cows 
vary from 19 MJ/kg to 30 MJ/kg and appear to be related to body condition. In the 
Cornell net protein and carbohydrate system and that of the National Research 
Council (2001), the energy value of liveweight change is linearly related to body con- 
dition score and liveweight, i.e. at high body condition scores, liveweight change has a 
higher fat content and therefore a higher energy value; at low body condition scores, 
there is a lower fat content with a correspondingly lower energy content. In Australia a 
linear relationship with body condition score is used to predict the energy value of 
liveweight gain. Stage of lactation can also affect the energy value of liveweight change. 
The ratio of protein to fat in mobilised body tissue falls for about the first 8 weeks of lac- 
tation and, as a result, the energy value of the tissue may be expected to increase. 

AFRC (1993) postulated a value of 19 MJ/kg of liveweight change. This is very 
much lower than the value of 26 MJ/kg assumed earlier, and lower too than the 
mean value of about 6 Mcal (25 MJ)/kg quoted in 2001 by the US National Research 
Council. The validity of a fixed value for the energy of body tissue is extremely 
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doubtful but, for purposes of illustration, a preferred value of 25 MJ/kg has been as- 
sumed in the following treatment. 

There is general agreement that the efficiency with which metabolisable energy is 
used for tissue deposition (k,) in the lactating cow is higher than in the non-lactating 
animal. Values for k, of up to 0.84 have been quoted, but the majority of published 
work suggests that k, is very similar to, but slightly lower than, kj. For this reason, 
the suggestion that k, = 0.95ki seems appropriate. Thus, for a cow gaining weight, 
each kilogram gained means that 25/(0.95 x kı) MJ of dietary metabolisable energy 
is unavailable for milk production, or that this amount of dietary metabolisable en- 
ergy must be supplied in addition to that required for maintenance and milk produc- 
tion. In net energy terms, each kilogram of weight gain may be regarded as adding 
25/0.95 = 26.3 MJ to the lactation demand. 

An estimate of the efficiency of utilisation of mobilised body tissue energy for lac- 
tation gave a mean of 0.74, with a range of 0.72-0.75. This is much lower than the 
figure of 0.84 used by AFRC (1993). If we accept the AFRC values, then, for each 
kilogram of body tissue mobilised, 25 x 0.84 = 21 MJ of energy is secreted as milk. 
This is equivalent to an additional 33.9 (21/0.62) MJ of dietary metabolisable energy 
for lactation, assuming a ki of 0.62. 

The use in the future of a variable energy value of liveweight change and perhaps 
a lower efficiency of utilisation must be given very serious consideration. 


Energy requirements for maintenance 


As well as the production of milk, the diet of the lactating cow must provide the 
energy for maintenance. This may be calculated as follows: 


Em (MJ/day) = 0.53 (W/1.08)°97 + 0.0091W 


The activity allowance of 0.0091 W applies to cows living indoors under normal 
loose housing conditions. It is based on certain assumptions of time spent standing, 
number of positional changes and distance walked and is valid only in situations in 
which these assumptions hold true (see Chapter 14). Available evidence indicates 
that under such conditions a cow spends about 14 hours standing, stands up and lies 
down nine times and walks about 500 m, during a normal day’s activity. The coeffi- 
cient may then be calculated as shown in Box 16.1. 

The subject of activity increments is dealt with more comprehensively in 
Chapter 14. 

Efficiency of utilisation of dietary metabolisable energy for maintenance (k,,) may 
be calculated as follows: 


km = 0.35qm + 0.503 


BOX 16.1 AFRC (1993) energy costs of physical activity for dairy cows 


Activity Energy cost Energy expended (MJ/kg/day) 


Standing (14 hours) 10 kJ/kg/day 0.0058 
Positional changes (9) 0.26 kJ/kg 0.0023 
Walking (500 m/day) 2.0 J/kg/m 0.0010 


Total 


0.0091 
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and the requirement for metabolisable energy for maintenance as: 
M,,(MJ/day) = [0.53(W/1.08)°°” + 0.0091W]/(0.35qm + 0.503) 


There is some evidence that modern dairy cows have a higher maintenance re- 
quirement than that indicated by the above formula, probably owing to their greater 
genetic merit. Such animals have a greater proportion of body protein mass, and 
there is increasing evidence that the basal metabolic rate — and hence maintenance 
requirement - is dependent upon lean body mass rather than total liveweight. In 
addition, the increased intake and metabolism of nutrients needed to satisfy the 
demands of increased productivity may stimulate cardiac output, blood flow and 
oxygen consumption. Maintenance energy requirement has been shown to vary with 
the proportion of fibre in the diet, owing to the increased work of rumination and 
digestion, and an increased metabolic activity in the organs of the body. 

In calculating the energy requirements of the dairy cow, cognisance must be taken 
of the decline in the efficiency of utilisation of metabolisable energy with increasing 
level of energy intake. In order to do this, the calculated requirement has to be in- 
creased accordingly. The procedure, which involves the use of a correction factor, is 
best illustrated by an example, as shown in Box 16.2. 


BOX 16.2 AFRC (1993) calculation of the metabolisable energy requirement of a 600 kg 
cow producing 30 kg/day of milk containing 40 g fat/kg and losing 0.4 kg 
liveweight/day on a diet having a qm of 0.6 


ME for maintenance 


Em = 0.53 x (600/1.08)°°” + 0.0091 x 600 = 42.0 MJ/day 
km = 0.35 X 0.61 + 0.503 = 0.713 


ME for lactation 


E; = 30(1.509 + 0.0406 x 40) = 94.0 MJ/day 
ki = 0.35 x 0.61 + 0.42 = 0.630 
M; = 93.99/0.63 = 149.2 MJ/day 


NE supplied by tissue mobilisation 


E, = —0.4 x 25 = 10.0 MJ/day 

Net energy spared by weight loss (10.0 x 0.84) = 8.4 MJ/day 

Mm = 42.04/0.713 = 59.0 MJ/day 

M, = (94.0 — 8.40)/0.63 = 135.9 MJ/day 

Correction factor for level of feeding (1 + 0.018M,/M,,) = 1.0415 


Total ME requirement 
Mp = (135.9 + 59.0) x 1.0415 = 202.9 MJ/day 
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It is common to use a safety margin in calculating allowances in an attempt to min- 
imise the risks of underfeeding. A frequently used figure is 5 per cent, which would 
then give a revised figure of 213 MJ/day for the requirement of the cow in this calcu- 
lation. There is evidence that the 5 per cent figure is inappropriate and that a safety 
margin closer to 15 per cent would be required to ensure that only 10 per cent 
of cows would be underfed. The high degree of variability implicit in the large 
safety margins is due partly to imperfect information on the parameters of the predic- 
tion model and also to the heterogeneity of the subject population. A safety margin 
has not been used in the box or in calculating the allowances given in the tables of 
Appendix 2. 


Feed into Milk energy requirements 


The metabolisable energy system used by AFRC (1993) adopts a factorial approach 
to energy requirements, whereby total requirements are calculated as the sum of that 
for maintenance, milk production, liveweight change and foetal requirements. More 
recently, Feed into Milk (FiM) has been developed in the UK for dairy cow rationing. 
This system adopts a fundamentally different approach to calculating ME require- 
ments for higher genetic merit dairy cows by modelling the relationship between ME 
intake with requirements (see Chapter 12). 

The ME required for weight gain (M,™) is calculated from the net energy re- 
quirement for gain (EV,) by an equation similar to that of ARC (1980) as follows: 


M,™ = (EV, X weight gain)/k, 


The net energy for milk production derived from weight loss (E;wc) is calculated as 
follows: 


Ewc = EV, X weightloss X ki, 


A fixed value of 19.3 MJ/kg is assumed for the EV,, the same as that used by AFRC 
(1993). The use of a fixed value does not, however, reflect changes in the energy con- 
tent of the liveweight change at different body fat levels as used in a number of other 
rationing systems. A fixed value for k, of 0.65 and k; of 0.78 is also used. This differs 
from AFRC (1993) by not changing as the quality of the diet (or metabolisability) 
changes and is a reflection of the relatively narrow range in the ME content of the ma- 
jority of diets fed to modern dairy cows. A lactating dairy cow gaining 1 kg/day would 
therefore have an additional ME requirement of (19.3 x 1)/0.65 = 29.7 MJ/day. 

One of the major differences between AFRC (1993) and FiM (2004) is the calcu- 
lation of a combined metabolisable energy requirements for maintenance, lactation, 
liveweight loss and a proportion of activity (Mm : MJ/kg W°-”>) fitted using the 
Mitscherlich relationship: 


Mi = {log.[(5.06 — Ejcorr)/(5.06 + 0.453)]}/—0.1326 
Ejcorr is milk energy yield (MJ/kg W9:75), which is corrected for liveweight loss: 
Excorr kë (E, + Ewo/w” 


where W°’”? is metabolic liveweight, and F} is the energy content of the milk output, 
calculated as the product of milk yield (Y, kg/day) and the energy value of the milk 
(EV)). Surprisingly, FiM predicts EV, from only the fat content of milk, despite the 
more accurate relationship obtained when milk protein content is included, and 
despite the fact that both milk fat and protein are routinely analysed. 
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Because a proportion of the activity allowance (M,,¢) is included within Mmi, 
the activity allowance within FiM reflects only the vertical movement allowance, 
calculated as 0.0013 x W(kg)/k,,, where km is as defined by AFRC (1993). For a 
600 kg dairy cow yielding 30 kg/day and eating a diet with a qm of 0.6, the 
activity allowance equates to only 1.1 MJ ME required per day, or less than 
0.5 per cent of daily ME requirements. The ME requirements for pregnancy (M,) 
post 250 days are the same as that described by AFRC (1993) and are only of im- 
portance during the last several weeks of pregnancy. An initial evaluation of FiM 
suggested that it slightly overpredicted the ME requirements of dairy cows. Con- 
sequently, it is recommended that 10 MJ per day is subtracted from the calcu- 
lated ME requirement. 

The FiM total ME requirement (M, ™ is therefore defined as follows: 


Mage = [(Mm x W?) + M, ™ + Maa + MJ] — 10 


An analysis of studies where the digestibility was determined in both sheep at 
maintenance and cattle fed at up to 4.8 maintenance revealed no clear effect of level 
of feeding on the ME content of the diet, nor between species. Whilst FiM does cor- 
rect for level of feeding, a fixed increase in ME requirements of 0.02 ME is made, 
irrespective of feeding level. This is illustrated in Box 16.3. 


BOX 16.3 FiM calculation of the metabolisable energy requirement of a 600 kg cow 
producing 30 kg/day of milk containing 40 g fat/kg and losing 0.4 kg 
liveweight/day on a diet having a qm value of 0.6 


ME for maintenance and production 


E, = 30 x (1.509 + 0.0406 x 40) = 94.0 MJ/day 
Ewe = 19.3 x (—0.4) x 0.78 = —6.0 MJ/day 
W9-75 = 6009-75 = 121.2 kg 
Excorr = (94.0 — 6.0)/121.2 = 0.726 MJ/kg W°?75 
Mm = log.[(5.06 — 0.726)/(5.06 + 0.453)]/—0.1326 = 1.81 MJ/kg W°.> 


Mmi = 1.78 x 121.2 = 219 MJ/day 


ME for activity 


kn = 0.35 x 0.6 + 0.503 = 0.71 
A = (0.0013 x 600)/0.71 = 1.10 


Correction for level of feeding 


Correction factor = 1 + 0.02 = 1.02 


Total ME requirement 
M,. iM = (219 + 1.1 — 10) x 1.02 = 214 MJ/day 
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The total ME calculated in Box 16.3 of 214 MJ/day is similar to the 213 MJ/day 
(5 per cent allowance) calculated by AFRC (1993) for the same production level 
(see Box 16.2). 


Responses to increments of dietary energy 


In experiments in which responses to the additions of energy to the diet have been 
measured in terms of milk yield, it has been found that only part of the theoretically 
expected increase in yield has been obtained. The discrepancy is the result of two 
factors: 


Additions of concentrate foods to the diet bring about concomitant decreases in 
the roughage component, so that the increase in energy intake is less than is 
added in the supplement. The replacement (or substitution) rate, defined as 
change in forage intake per unit change in supplement intake, is greater for high- 
quality forages and at high intakes of supplement. In certain cases it may ap- 
proach unity and the increase in the intake of dietary energy resulting from 
supplementation may be very small. 

Energy consumed by the lactating animal over and above that required for main- 
tenance is partitioned between milk production and body gain. Response to sup- 
plements of energy added to the diet is negatively curvilinear in the case of milk 
yield and positively curvilinear in the case of liveweight gain (Fig. 16.5). 
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Fig. 16.5 The effect of intake of metabolisable energy (ME) on milk output and 
body weight change. 


Adapted from Broster W and Thomas C 1981 In: Haresign W (ed.) Recent Advances in Animal Nutrition, 
London, Butterworth, pp. 49-69. 
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Thus, an increase in energy intake will result in an increase in milk yield together 
with a reduction in liveweight loss or an increase in liveweight gain. When these 
changes are considered along with the true increments of dietary energy, then 
responses approach the theoretical. 

The ability of cows to divert part of their production ration for the growth of 
their own tissues, or alternatively to supplement the energy available for milk 
production by the breakdown of these tissues, varies considerably from one indi- 
vidual to another; cows of high yielding capacity use a higher proportion of a 
production ration for milk than those of lower potential. Within individuals the 
tendency is for the proportion of the energy of the increment that is used for milk 
production to decrease as the production ration is increased; in other words, the 
input of energy required per kilogram increases as the milk yield of the cow 
increases. Partitioning will also be influenced by the nature of the products of 
rumen fermentation, particularly the relative proportions of the volatile fatty acids, 
as discussed above. 

Response, in terms of milk yield, to the addition of concentrate foods to a fixed ra- 
tion is directly proportional to potential or current milk yield. This is well illustrated 
by the work of Blaxter, who allocated energy in excess of the level dictated by earlier 
standards to cows of different yield groups. He showed that the response ranged from 
0.016 kg milk/MJ ME at a yield of 10 kg/day to 0.172 kg at 25 kg. A typical response 
to an increment of energy under such conditions would be 0.14 kg milk/MJ change 
in metabolisable energy intake (MEI), with responses of 0.003 kg/MJ and 0.01 kg/MJ 
MEI for yields of fat and solids-not-fat, respectively. 

The major determinant of total lactation yield is peak yield, whether this is 
achieved as a result of cow potential or feeding practice. Furthermore, responses to 
increments of energy decline as lactation progresses, and with low and medium 
planes of nutrition, elevation of energy intake in early lactation results in a 55 per 
cent residual effect in later lactation. Theoretically, therefore, allocation of high lev- 
els of concentrate supplements to early lactation in order to ensure maximum peak 
yield should result in higher lactation yields. Experimental evidence does not en- 
tirely support this expectation, since enhanced persistency may counterbalance a 
low peak yield. Therefore, feeding systems that provide the same daily quantity of 
concentrates throughout lactation (e.g. flat rate feeding) have been shown to result in 
a similar milk yield to those that allocate a greater proportion in early lactation (e.g. 
feeding to yield or peak feeding). 

For animals of high potential, it is very difficult to maintain generous levels of 
feeding in early lactation when intake of dry matter is low. Such animals must be 
provided with high-energy concentrate foods and the finest-quality roughages if 
generous levels of feeding are to be achieved. A major problem at this time is to en- 
sure that the ration does not cause rumen disorders and result in loss of appetite 
and the production of low-fat milk. The proportion of roughage should therefore 
not be allowed to fall below 35 per cent of the diet. Weight lost at this time needs to 
be replaced before the next lactation, and this is usually achieved during late lacta- 
tion and the dry period. In the light of the evidence of the high efficiency of utilisa- 
tion of energy for body gain in the lactating cow, it may be that the most effective 
method of replacing lost tissue is by deliberate feeding in excess of requirement 
during late lactation to achieve a target energy reserve before drying off. In practice, 
body condition scoring, a visual measure of the fat reserves around the tail head 
and loin region of dairy cows, has been shown to closely relate to total body fat 
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reserves. Body condition scores range from 1 (thin) to 5 (fat), with a target value of 
3.0 at drying off. 


Protein requirements 


In the ruminant animal, dietary protein performs two functions: 


It must satisfy the nitrogen demands of the rumen microorganisms. 
It must supply the truly absorbable true protein required to satisfy the demand for 
amino acid nitrogen at tissue level. 


Metabolisable protein requirement 


The metabolisable protein requirement may be defined as the quantity of truly ab- 
sorbable true protein required to satisfy the demand for amino acid nitrogen at tissue 
level. The net protein demand at tissue level is made up of the following: 


A maintenance component, which may be calculated as 2.19 g/kg W°-”> per day. 
A dermal component resulting from the loss of hair and scurf, which may be cal- 
culated as 0.1125 g/kg W”> per day. 

A milk component calculated as milk crude protein X 0.95 g/kg milk produced. 
The factor of 0.95 is used because the non-protein nitrogen fraction of the milk, 
5 per cent of the total nitrogen, is regarded as excretory material that has already 
been used by the body and has therefore formed part of a previously satisfied 
demand. When valid figures for protein content are not available, it may be calcu- 
lated from fat content (F) using regression equations such as that of Gaines and 
Overman: 


Protein (g/kg) = 21.7 + 0.31F (g/kg) 


Alternatively, the protein contents of the milks of the main British breeds of dairy 
cows given in Table 16.5 may be used. 


A component reflecting liveweight change (AW). Body tissue is assumed to con- 
tain 150 g protein per kilogram of empty body weight. Using a transformation 
factor of 1.09, this becomes 150/1.09 = 138 g per kilogram of liveweight. 


In order to calculate the quantities of metabolisable protein required to satisfy 
these net requirements, factors for the efficiency of utilisation of metabolisable 
protein for maintenance, dermal losses, lactation and growth and the conversion of 
mobilised body protein to milk protein are required. The following are recom- 
mended by AFRC (1993): 


Maintenance = 1.0 
Dermal = 1.0 
Growth = 0.59 
Lactation = 0.68 


Amino acids arising from the mobilisation of body protein are utilised with the 
same efficiency as absorbed amino acids, and liveweight loss has a sparing action on 
metabolisable protein requirement equal to its protein content, i.e. 138 g/kg. An ex- 
ample of the calculation of the metabolisable protein requirement of a lactating cow 
is given in Box 16.4. 
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BOX16.4 AFRC (1993) calculation of the metabolisable protein requirement of a 600 kg 
cow producing 30 kg/day of milk containing 32 g CP/kg, and losing 
0.4 kgW/day 


Net protein Efficiency Metabolisable protein 
requirement (g/day) factor requirement (g/day) 


Maintenance 
Dermal loss 
Milk 

Weight loss 


2.19 x 600975 1.00 265.5 
0.1125 x 600975 1.00 13.6 
32 x 0.95 x 30 0.68 1341.2 
—0.4 x 138 1.00 —55.2 


Metabolisable protein (265.5 + 13.6 + 1341.2 — 55.2) 1565.1 
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The protein requirements of the rumen microorganisms are stated by AFRC (1993) 
in terms of effective rumen-degradable protein (ERDP). The requirement for ERDP 
may be calculated relative to the dietary intake of fermentable metabolisable energy 
(FME) and is defined as follows: 


ERDP (g/day) = FME (MJ/day) X y 


where y is the requirement of ERDP (g/MJ of FME) and varies with level of 
production. 
The suggested values of y for different levels of animal performance are: 


| Animals at the maintenance level (M): y = 9. 
Low-yielding dairy cows (< 15 kg/day), beef cattle and sheep fed at less than 
twice maintenance: y = 10. 
Ewes in late pregnancy or lactation and lactating dairy cows: y = 11. 


Alternatively, y may be calculated using the following equation: 
y=7+ 67 — e O84) 


where L is the level of feeding relative to maintenance. 

This equation is a mathematical convenience that smoothes the relationship be- 
tween y and L and thus avoids boundary problems. It is not based on experimental 
data. 

Microbial protein contributes to satisfying the demand for metabolisable protein, 
but in the majority of cases, particularly at high levels of production, it cannot com- 
pletely satisfy the demand. The deficit has to be made good by the truly digestible 
undegradable true protein (DUP) of the diet. 

Microbial crude protein (FME X 11 for high-yielding dairy cows) is assumed to 
contain 75 per cent of true protein (amino acids) and to have a true digestibility of 
0.85.The contribution of microbial protein (MCP) to metabolisable protein (MP) is 
then MCP X 0.75 X 0.85, or 0.6375 MCP. The requirement for truly digestible un- 
degraded protein is then MP — 0.6375 MCP. An example of the calculation of the 
protein requirements of a dairy cow using an assumed figure for FME is given in 
Box 16.5. 
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BOX 16.5 AFRC (1993) calculation of the protein requirements of a 600 kg cow 
producing 30 kg of milk containing 32 g CP/kg, and losing 0.4 kg W/day 


Metabolisable energy requirement (MJ/day) = 202 
Fermentable metabolisable energy of ration (MJ) = 175 
ERDP requirement (175 x 11) (g/day) 1925 
Metabolisable protein requirement (g/day) = 1565 
Microbial protein contribution (1925 x 0.6375) (g/day) 1227 
DUP requirement (1565 — 1227) (g/day) = 338 


It is usual to use a safety margin of 5 per cent in converting requirements of pro- 
tein to allowances, but this is not suggested in this system. If safety margins are to be 
used, then they should be applied to the calculated requirement for ERDP and MP. 
However, in calculating the DUP allowance, the uncorrected ERDP should be used 
to calculate truly digestible microbial true protein. 

The application of the system to the evaluation of a ration as a protein source is 
straightforward. The MP, ERDP, DUP and FME contents of a ration are easily calcu- 
lated from those of the constituents. The latter allows calculation of the requirement 
for ERDP, which may then be compared with that supplied by the ration. If 
ERDP/FME is equal to or greater than 11 (i.e. energy is limiting), then the DUP re- 
quirement may be calculated as described above and this can be compared with the 
supply (see Box 16.6). 

The application of the system to the formulation of rations is rather more compli- 
cated. The ration must first be formulated to meet the requirement for metabolisable en- 
ergy. This allows the fermentable metabolisable energy content to be calculated. Only 
then may the requirement for ERDP be calculated. The ERDP and DUP status of the ra- 
tion has then to be assessed and brought into balance. This is most simply done by for- 
mulating a supplement having the same FME concentration as the basal ration and the 
necessary ERDP and DUP concentrations. This is not an uncomplicated procedure. 

If the ideal blend of degradable and undegradable protein is not achieved, the 
requirement may be considerably increased. The attainment of such a blend may 
allow the use of cheaper sources of protein or justify the use of expensive protein or 
the industrial processing needed to modify the degradability of unsuitable dietary 
protein, as discussed in Chapter 23. 

Estimates of protein requirements may also be made from the results of feeding 
trials. In these, diets are used that are accepted as satisfactory in all respects other 
than protein, and the minimum intake of protein adequate for maximum production 
is determined. Such experiments have to be of a long-term nature since even on de- 
ficient diets production may be maintained owing to the cow’s ability to utilise her 
body tissues. This will result in a negative nitrogen balance and studies of such bal- 
ances are often carried out to supplement the main feeding trial. In treating the re- 
sults of feeding trials, an allowance is made for protein required for maintenance and 
the residue equated to milk production. Estimates of the digestible protein require- 
ment based on such trials have varied from 1.75 times that present in milk to as lit- 
tle as 1.25 times in more recent work. These low levels apply only where the content 
of crude protein in the diet is of the order of 160 g/kg; where the content is reduced 
to about 120 g CP/kg, the requirement for milk production rises. 
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BOX 16.6 AFRC (1993) evaluation of a ration (qm = 0.6) for a 600 kg cow yielding 
30 kg milk with 40 g/kg fat and 35 g/kg protein, and losing 0.4 kg W/day 


Requirement for metabolisable protein 
Maintenance = 2.3 x 600%75 = 279 
Milk = 35 x 0.95 x 30/0.68 = 1467 
Weight change = —0.4 x 138 = —55 
Total = 1691 


Ration: (MP g/day): 


Food DM (kg) ME (MJ) FME (MJ) ERDP (g) DUP (g) 


Silage 8.05 84.5 62.8 886 185 
Maize gluten feed 1.80 22.9 20.7 234 74 
Compound 7.67 99.1 95.0 858 345 
Total 17.52 206.5 178.5 1978 604 


ERDP/FME = 1978/178.5 = 11.08 and energy is limiting 

MCP = 178.5 X 11 = 1964 g/day 

MCP contribution to metabolisable protein demand = 1964 x 0.6375 = 1252 g/day 
DUP requirement = 1691 — 1252 = 439 g/day 


Then: 


Requirement Supplied by ration 


ME (MJ/day) 206 206.5 
ERDP (g/day) 1964 1987 
DUP (g/day) 439 604 
MP (g/day) 1691 1856 


Feed into Milk (FiM) protein requirements 


The metabolisable protein system described above has been criticised as it results in 
a substantially lower metabolisable protein requirement and a higher prediction 
error than comparable systems such as the French PDI, the NRC system used in the 
USA, the Dutch DVE and the Nordic AAT/PBV system. This discrepancy was related 
to the low MP requirement for maintenance, which AFRC (1993) based on basal en- 
dogenous nitrogen losses at a maintenance level of feeding. This approach does not 
reflect any increase in nitrogen loss at higher levels of intake. The more recent FiM 
system attempts to rectify this discrepancy by including a metabolic faecal protein 
requirement that varies with DM intake (and therefore production level), based on 
that proposed by NRC (2001). The maintenance requirement includes endogenous 
urinary protein (4.1 x W°°) and hair and scurf (0.3 x W°°). Metabolic faecal 
protein (MFP) is the amount of endogenous protein that is not reabsorbed and 
excreted in the faeces and is related to the DM intake as follows: 


MFP = 30 DMI 
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where DMI is the total DM intake (kg/day). Some of the metabolic faecal protein 
(g/day) that is excreted is, in fact, undigested bacterial protein produced in the 
rumen. This is adjusted for by subtracting the amount of indigestible rumen synthe- 
sised microbial true protein: 


0.5[((DMTP/0.8) — DMTP] 


where DMTP is digestible microbial true protein (g/day). It is evident from this that 
MP requirements for maintenance are dependent on the amount of microbial 
protein synthesised in the rumen, and consequently the diet composition: the 
greater the amount of microbial protein produced in the rumen, the lower the MP 
requirement for maintenance. Finally, there is an adjustment made for endogenous 
protein loss, defined as 2.34 x DM intake. 

The MP™ requirements for maintenance (g/day) are therefore defined as follows: 


MP, FM = 4.1W®5 + 0.3W°6 + 30 TDMI — 0.5[(DMTP/0.8) — DMTP] + 2.34 DMI 


It is clear from the above that unlike in AFRC (1993), calculation of the protein 
requirement for maintenance is not possible unless the DM intake and predicted 
microbial protein synthesis in the rumen are known. In practice, most commercial 
dairy cow diets will result in a DMTP ranging from 1000 g/day to 1200 g/day, 
and a reasonable mid-point of 1100 g/day may be used if a computer rationing 
program is not available. The MP requirement for pregnancy, milk and body 
weight change in FiM are the same as that proposed by AFRC (1993). An example 
of a metabolisable protein requirement calculated according to FiM is provided in 
Box 16.7. 

Compared with that determined according to AFRC (1993) in Box 16.4, FiM 
predicts a higher MP requirement of 280 g/day, or an 18 per cent increase. This 
difference is due entirely to an increase in MP requirement for maintenance. 

Owing to the complexities of FiM, a computer program or spreadsheet is often 
required for rationing purposes. For example, as outlined in Chapter 13, the supply 


BOX 16.7 Calculation of the Feed into Milk protein requirements of a 600 kg cow 
consuming 18 kg DM per day, producing 30 kg of milk containing 32 g CP/kg 
and losing 0.4 kg W/day (predicted digestible microbial true protein 
production = 1100 g/day) 


Net protein Efficiency Metabolisable protein 
requirement (g/day) factor requirement (g/day) 


Maintenance 


Milk 
Weight loss 


4.1 x 600°° + 0.3 x 600° +30 x 18— 1.00 559 
0.5[(1100/0.8) — 1100] + 2.34 x 18 

32 x 0.95 x 30 0.68 1341 

—0.4 x 138 1.00 —55.2 


Metabolisable protein (633 + 1341 — 55.2) 1845 
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of effective rumen-degradable nitrogen (EDN) from each feed ingredient is 
influenced by three rumen factional outflow rates (liquid, forage and concentrate), 
which in themselves are affected by the proportion of forage in the diet. The 
rumen-degradable DM and subsequent ATP supply for microbial growth is 
similarly affected. However, for most dairy cow rations, FiM proposes that fixed 
outflow rates for liquid, forage and concentrates of 0.08/hour, 0.045/hour and 
0.06/hour, respectively, be used. Under these circumstances, each feed now has a 
fixed metabolisable protein yield from either rumen-degradable protein (MPN) or 
rumen-available energy (MPE). MPN is calculated as the sum of MP supply 
derived from rumen-degradable protein added to the MP derived from undegrad- 
able protein (referred to as MPB). Similarly, MPE is calculated as the sum of MP 
derived from rumen energy supply to MPB. The MPN and MPE values for each 
feed are additive, resulting in a simple and quick method of diet evaluation. It 
should be borne in mind that diets should be formulated to ensure that MPN is 
greater than MPE. An example of a diet formulated using this approach is pro- 
vided in Box 16.8. 


Mineral requirements 


AFRC Technical Committee report no. 6 (TCORN 6) proposed that the net daily 
requirement for calcium for maintenance (g/day) of the dairy cow may be calculated 
as follows: 


0.0079W + 0.66 DMI - 0.74 


where DMI is defined as MEI/18.4 q,,. For a 600 kg cow consuming 170 MJ ME ona 
diet with g,, of 0.6, DMI would be 15.4. This gives a net requirement of 23.6 mg/ 
kg W per day. 


BOX 16.8 FiM evaluation of a ration for a 600 kg cow producing 34 kg of milk 
containing 32 g protein/kg and losing 0.5 kg W/day (MPE and MPN 
calculated assuming standard liquid, forage and concentrate outflow rates 
of 0.08, 0.045 and 0.06/hour) 


Food Fresh DMI ME (MJ) MPE MPN 
Grass silage 38.5 10 108 680 870 


Compound 12.0 10.3 134 1494 1627 
Total 50.7 20.3 242 2202 2529 


Total MPE is less than MPN, and therefore rumen energy supply is limiting and MP supply is 
2202 g/day. 


Requirement Supplied by ration 


ME (MjJ/day) 240 242 
MP (g/day) 2085 2202 
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For the net phosphorus requirement, the TCORN calculation is: 
1.6(0.693 DMI — 0.06) 


For a 600 kg cow consuming 15.4 kg of dry matter, this suggests a net require- 
ment of 28.2 mg/kg W/day. In addition to the requirements for maintenance, 
calcium and phosphorus must be provided for milk production. TCORN 6 suggested 
1.2 g/kg and 0.9 g/kg for the calcium and phosphorus contents of milk. The require- 
ment for calcium by the developing foetus is small until the end of pregnancy, when 
the foetal skeleton begins to become calcified. 

Availability values for calcium and phosphorus used by TCORN 6 are constant, at 
0.68 and 0.58. This has been criticised as not reflecting differences in availability ac- 
cording to dietary source. For example, NRC (2001) assumes an availability of cal- 
cium and phosphorus in forages of 0.30 and 0.64 and concentrates of 0.60 and 0.70 
respectively, although data supporting these coefficients are limited. 

TCORN 6 suggested that for diets with qm greater than 0.7, maintenance re- 
quirements for phosphorus should be calculated using 1.0 instead of 1.6 in the 
above formula, and that the availability factor should be changed to 0.7. Such a 
sharp change can give rise to anomalies in calculating requirements. Thus, a phos- 
phorus requirement of 72 g/day would be changed to 57 g/day for a change of qm 
from 0.69 to 0.71, which we find unacceptable. In the light of these observations 
and the fact that our previously used standards have proved satisfactory over many 
years, these were preferred, and they have been used, along with the TCORN 
methods of calculating net requirements, for calculating the allowances in the tables 
of Appendix 2. 

The results of feeding trials suggest that allowances of calcium and phosphorus 
considerably lower than those indicated by factorial calculation can be given for long 
periods with no ill effects on performance or reproduction. Thus, 25-28 g of calcium 
and 25 g of phosphorus per day have proved adequate for cows producing 4540 kg 
of milk per annum over four lactations, which implies a dietary requirement of 
1.10-1.32 g calcium and 1.10 g phosphorus per kilogram of milk. Feeding low levels 
of dietary phosphorus to higher-yielding dairy cows producing 7500-8500 kg milk 
per annum also appears to have no adverse effects on production, bone strength or 
fertility when assessed over several lactations. The requirements given in Appendix 2, 
Table A2.3, have been derived by factorial calculation and are probably slightly 
higher than the minimum requirement, but they are considered necessary to ensure 
a normal lifespan and satisfactory reproduction. Balance experiments have shown 
that even very liberal allowances of calcium and phosphorus are frequently inade- 
quate to meet the needs of the cow for these elements during the early part of the 
lactation. In the later stages and in the dry period, storage of calcium and phospho- 
rus takes place. Figure 16.6, for example, shows the cumulative weekly calcium 
and phosphorus balances throughout a 47-week lactation for a mature Ayrshire cow 
producing 5000 kg of milk. 

Despite the negative balances that occurred over considerable periods early in 
lactation, there was a net positive balance over the lactation and dry period as a 
whole. It has therefore become normal practice to consider the complete lactation in 
assessing calcium and phosphorus requirements; early negative balances are re- 
garded as normal, since no ill effects are evident as long as subsequent replenishment 
of body reserves takes place, and daily requirements are formulated on the basis of 
total production over the lactation. However, although the lactation approach is 
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Fig. 16.6 Cumulative balances of calcium and phosphorus during lactation 
(47 weeks) and dry period. 


Adapted from Ellenberger H B, Newlander J A and Jones C H 1931 Bulletin of the Vermont Agricultural 
Experimental Station, 331. 


satisfactory in many cases, considerable trouble may arise if the allowances used are 
too low. When a shortage is serious, progressive weakening and breaking of the 
bones may result and, in less severe cases, a premature drying off, which reduces 
yield and shortens the productive life of the cow. There seems to be little reason why 
requirements should not be based on weekly yield measurements. 

In diets that are deficient in phosphorus, the ratio of calcium to phosphorus can 
be important. With practical diets, evidence for the importance of the ratio is lacking 
and in the absence of definitive evidence the best approach would be to keep the 
Ca: P ratio between 1:1 and 2:1. 

In calculating magnesium allowances, a net daily requirement for maintenance of 
3 mg/kg W may be assumed, along with a concentration of 0.125 g/kg in the milk. 
Availability of dietary magnesium is very low, at about 0.17. 

Lactating cows are usually given a sodium chloride supplement. This is done by 
adding the salt to the food or by allowing continuous access to salt licks. The primary 
need is for sodium rather than chloride, which is more plentiful in normal diets. A 
deficiency manifests itself in a loss of appetite, rough coat, listlessness, loss of weight 
and a drop in milk production. Salt hunger and low levels of sodium in plasma and 
urine may occur in high-yielding cows after as little as 3 weeks if diets are unsupple- 
mented. Loss of appetite, weight and production may take about a year to appear. 
The requirement for sodium is about 7 mg/kg W per day for maintenance plus 
0.63 g/kg of milk. It is usually recommended that 28 g of sodium chloride per day 
should be provided in addition to that in the food, or that 15 kg/tonne of sodium 
chloride should be added to the concentrate ration. 
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Vitamin requirements 


Vitamins are required by the lactating animal to allow proper functioning of the physio- 
logical processes of milk production and as constituents of the milk itself. It has yet to be 
shown that there is a dietary requirement for vitamins specifically for lactation, but they 
have a role in the synthesis of milk constituents, as for instance biotin has in the synthe- 
sis of the milk fat. Most of the evidence points to the conclusion that as long as levels of 
vitamins in the diet are sufficient for maintenance, normal growth and reproduction, 
then no further allowance for lactation need be made. However, normal levels of vita- 
mins in the milk must be maintained and sufficient amounts have to be given to allow 
for this. The B vitamins are an exception, since an adequate supply becomes available as 
a result of microbial synthesis in the rumen. Maintenance of normal vitamin levels in 
milk is particularly important where milk is the sole source of vitamins for the young 
animal, as for example with the young pig and the suckled calf. 

Winter milk has a vitamin A potency of about 2000 iu/kg. Apart from the almost 
colourless vitamin A, milk contains variable amounts of the precursor B-carotene. This 
is a red pigment, yellow in dilute solution as in milk, to which it imparts a rich creamy 
colour. The vitamin A potency of milk varies widely, being particularly sensitive to 
changes in dietary levels even though only about 3 per cent of the intake finds its way 
into the milk. Thus, green foods are excellent sources of the provitamin, as is shown 
by the deep yellow colour of milk produced by grazing cows. Some breeds, e.g. the 
Jersey and the Guernsey, have higher ratios of b-carotene to vitamin A in their milks, 
which consequently have a deeper yellow colour. For example, feeding the Channel 
Islands breeds with vitamin A in excess of levels adequate for reproduction may in- 
crease the potency of the milk by up to 20 times but has no effect on the yield or 
gross composition of the milk. Considerable storage of vitamin A takes place in the 
body, and these reserves may be tapped to maintain levels in the milk. Since the new- 
born animal normally has small reserves, it is almost entirely dependent upon milk 
for its supply and it is essential to feed the nursing mother during pregnancy and lac- 
tation so as to maintain the potency of the milk. No problem arises with cattle and 
sheep that are given early access to green food, but great care is required where this is 
not so, as for example in winter-calving suckler herds. The daily requirement of the 
lactating cow is about 99 iu/kg W or 30 pg/kg W. More recently, NRC (2001) 
increased the allowance of Vitamin A to 110 iu/kg W for dry and lactating cows 
because of potential improvements in mammary gland health during the dry period 
in conjunction with substantial ruminal loss when high concentrate diets are fed. 

There is some evidence that there may be a requirement for B-carotene itself, 
quite distinct from its function as a provitamin (see Chapters 5 and 15). 

When lactating dairy cows are kept on diets deficient in vitamin D and irradiation 
is prevented, deficiency symptoms appear, showing that the vitamin is essential for 
normal health. There is no evidence, however, for a requirement greater than that 
which supports maintenance and reproduction. The vitamin D potency of milk is 
largely influenced by the extent of the cow’s exposure to sunlight, and large dietary in- 
takes are necessary for small increases in the concentration in the milk. Administration 
of the vitamin has little effect in ameliorating the negative balances of calcium and 
phosphorus that occur in early lactation, but very heavy doses (20 000 000 iu/day) 
for 3-5 days prepartum and 1 day postpartum have been claimed to provide some 
control of milk fever (see p. 113). The daily requirement of the lactating cow is about 
10 iu/kg W. 
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It was previously considered that a proportion of dietary vitamin E was destroyed 
in the rumen, but more recent evidence has revealed that virtually all flows to the 
small intestine for absorption. The vitamin E content of the basal diet is often vari- 
able and unknown, and therefore dietary supply is commonly based on supplemen- 
tal amounts, although it should be appreciated that for feeds that are naturally high 
in this vitamin (e.g. fresh forages) requirements could be substantially less (approxi- 
mately two-thirds of the supplementary requirements). There may also be a higher 
requirement for vitamin E when diets high in polyunsaturated fatty acids are fed. 
There is some evidence of a benefit to additional vitamin E above that of require- 
ments in reducing mastitis and reproductive disorders, whilst high levels of supple- 
mentation to reduce oxidative flavours in milk and improve shelf life have been 
advocated. Whereas milk contains relatively low levels of vitamin E (approximately 
0.5 pg/ml), colostrum contains significantly more (around 3-6 pg/ml), which 
may justify higher feeding levels during the dry period. The Agricultural Research 
Council (1980) recommended a dietary level of approximately 15 mg/kg DM intake, 
although higher levels should be fed if dietary selenium levels are low or polyunsat- 
urated fatty acid levels high. More recently, NRC (2001) recommended a similar 
value of 20 IU/kg DM intake, which should be increased to 80 IU/kg DM intake dur- 
ing the dry period (where 1 IU = 1 mg of all-rac-a-tocopheryl acetate). 

Dietary intakes of the B vitamins are of no significance in ruminant animals be- 
cause of ruminal synthesis. A physiological requirement, in addition to that needed 
for maintaining normal levels in milk, does exist for many of them owing to their in- 
volvement in the complicated enzyme systems responsible for the synthesis of milk. 


Effects of limitation of food intake on milk production 


There is a great deal of evidence to show that reduction of food intake has a pro- 
found effect upon both the yield and the composition of milk. 

When cows are kept without food, the yield drops to very low levels of about 
0.5 kg per milking within 3 days. At the same time, the solids-not-fat and fat con- 
tents rise to about twice their previous levels, the increases being due to a concentra- 
tion resulting from reduced yield. Less severe limitations reduce yields to a lesser 
extent; the solids-not-fat content is lowered but the effect on fat content is variable. 

Limitation of the energy part of the diet has a greater effect on the solids-not-fat 
content than does limitation of the protein, although it is the protein fraction that is 
reduced in both cases. Lactose concentration shows little change, as would be 
expected of the major determinant of the osmotic pressure of milk. Most of the fall 
in protein content is probably due to increased gluconeogenesis from amino acids, 
owing to a reduced propionate supply on low-energy diets. As a result, the supply of 
amino acids to the mammary gland is reduced and so is protein synthesis. Low 
dietary energy supply will also limit microbial protein synthesis in the rumen, and 
thus limit the amino acids available to the mammary gland. Throughout the winter 
feeding period in the UK, there is a decline in milk yield and solids-not-fat content 
in most herds, the rate of decline being most marked in the later period. The tradi- 
tional pattern is for both yield and solids-not-fat content to increase when the cows 
are allowed access to spring pasture. It has been shown experimentally that where 
levels of winter feeding are high, such increases do not take place and indeed the op- 
posite effect may be produced. It would appear, therefore, that winter feeding of 
dairy cows is frequently inadequate. 
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Dietary factors affecting milk fat depression 


There are several dietary factors known to influence the content of fat in cow’s milk. 
These include the ratio of forage to concentrates, dietary starch level, forage chop 
length, degree of processing of the concentrate, and inclusion of vegetable or marine 
oils, such as fish oil. The change to pasture feeding in spring is also frequently accom- 
panied by a fall in the fat content of the milk. Spring pastures have a low content of 
fibre and are high in soluble carbohydrates; other diets having similar characteristics 
also bring about a decline in milk fat. There is much debate regarding the precise nu- 
tritional cause of milk fat depression, with three main theories being proposed. The 
first relates to the production of volatile fatty acids within the rumen and subsequent 
supply to the mammary gland. The second proposes that changes in rumen fermen- 
tation alter propionate production, which in turn increases insulin production and 
the partition of nutrients between milk and body fat. The third, and most recent, the- 
ory relates to the production of intermediaries in the biohydrogenation pathway of 
polyunsaturated fatty acids in the rumen. 

A decline in milk fat content is most obvious when the proportion of roughage in 
the diet falls below 400 g/kg DM, and below 100 g/kg DM herd mean milk fat con- 
tent may be below 20 g/kg. Available data suggest that the measure of fibre most 
highly correlated with milk fat content is acid-detergent fibre (ADF), which consists 
of cellulose, lignin, acid-detergent-insoluble nitrogen and acid-insoluble ash. The re- 
lationship between dietary ADF levels and milk fat content is depicted in Fig. 16.7. 
Generally, the ADF content of the diet should be maintained above 190 g/kg DM, 
but this may not be possible if energy requirements at times of highest yields are to 
be met. Low-fibre diets fail to stimulate salivary secretion and hence diminish the 
buffering power of the rumen liquor. Such diets are often fermented rapidly, giving 
rise to pronounced peaks of acid production and very low pH values. As a result, 
the activity of the cellulolytic fibre-digesting microorganisms is inhibited and that 
of various starch utilisers encouraged. These changes are reflected in changes in the 
balance of volatile fatty acids (VFA) in the rumen. For example, on high-fibre diets, 
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Fig. 16.7 Milk fat content and dietary acid-detergent fibre (ADF) concentration. 


Adapted from Sutton, J D and Morant, S V 1989 Livestock Production Science 23, 219-37. 
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Table 16.11 Comparison of ruminal fermentation and fat content of 
milk produced from cows fed diets with varying chop length of the 
basal alfalfa silage 


Forage chop length Fine Medium Coarse 
Ruminal pH 5.3 5.9 6.0 
Acetate : propionate 2.8 3.1 3.5 
Total chewing time (min/day) 570 671 735 
Milk yield (kg/day) 31.5 32.1 31.1 
Milk fat (g/kg) 30 36 38 


After Grant R J, Colenbrander V F and Mertens D R 1990 Journal of Dairy Science 73: 1834. 


the molar proportions of the VFA are approximately 0.70 acetic acid, 0.18 propi- 
onic acid and 0.12 butyric acid. If the fibre content of the diet is reduced and that 
oÍ concentrates increased, the proportion of acetic acid falls, and in extreme cases 
may be less than 0.40 of the total fatty acids. This fall is usually accompanied by a 
decrease in butyric acid and an increase in propionic acid, which may account for 
0.45 of the total acids present. The concentration of valeric acid may also decrease. 
This effect is most pronounced when the concentrates have a high content of rumi- 
nally available starch, such as wheat, or when the starch has been treated to in- 
crease its availability, as with the starch in flaked maize. A similar reduction in 
ruminal pH, shift in VFA proportion and depression in milk fat occurs when the for- 
age is very finely ground. This effect is well illustrated in Table 16.11. In dairy cows, 
milk fatty acids are derived from two sources: de novo synthesis in the mammary 
gland, and uptake from the blood of preformed fatty acids derived from the absorp- 
tion of dietary fatty acids in the small intestine or mobilisation of body fat stores. 
De novo synthesis results in the production of C4 up to and including approxi- 
mately 50 per cent of C46 in milk fat, whereas uptake of preformed fatty acids ac- 
counts for approximately 50 per cent of Cus and all longer-chain fatty acids. As 
described in Chapter 3, ruminally produced acetate and to a lesser extent butyrate 
are the precursors for de novo milk fatty acid synthesis, and a decrease in mammary 
supply of these VFA will reduce milk fat synthesis. It has been suggested that if the 
ratio of acetic to propionic acid in the rumen contents falls below 3 : 1, then milk of 
low fat content will be produced. Other workers have claimed that the most impor- 
tant determinant of milk fat content is the balance of glucogenic to non-glucogenic 
VFA in rumen contents, and that this is conveniently defined as the non-glucogenic 
ratio (NGR) as follows: 


NGR = (A + 2B + V)/P + V 


where A, P, B and V are molar proportions of acetate, propionate, butyrate and 
valerate in the rumen fluid. If the ratio falls below 3, the danger of low-fat milks 
being produced is increased. 

Milk fat levels increase when acetate or butyrate have been infused and decrease 
when propionate has been infused, although the response has been relatively small 
(e.g. an increase in milk fat content of 20 per cent when acetate was infused and a 
decrease of 10 per cent when propionate was infused at rates likely to be encoun- 
tered within the rumen). Unfortunately, the measurement of VFA production rate in 
dairy cows is inherently difficult and produces variable results, although in general 
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increasing concentrates and decreasing the fibre content of the diet results in an 
increase in propionate production but has little effect on the rate of production of 
acetate. The consequence ot this is an apparent decrease in acetate proportion, al- 
though the actual supply to the mammary gland for de novo synthesis may be little 
affected. 

The second theory of milk fat reduction relates to effects of insulin on dairy cow 
metabolism. Insulin is a key hormone involved in the regulation of glucose and en- 
ergy status within the animal, with circulating levels increasing in response to blood 
glucose or propionate concentrations. Increased production of propionate from the 
fermentation of starchy concentrates in the rumen results in an increase in the rate of 
gluconeogensis in the liver and therefore increases blood glucose concentrations. The 
mammary gland is, however, comparatively insensitive to blood insulin levels, but 
other tissues such as adipose tissue are sensitive. Insulin’s role within milk fat de- 
pression therefore involves the partioning of nutrients away from the mammary 
gland and towards body fat depots. 

Infusing glucose or propionate directly into the blood of dairy cows decreases 
milk fat concentration. This is associated with a reduction in plasma free fatty acids, 
which are indicative of body fat mobilisation, and reduce the liver synthesis of low- 
density lipoproteins and subsequent supply of these to the mammary gland for milk 
fat synthesis. It is also associated with an increased use of acetate and butyrate for 
lipid synthesis in body fat, depriving the mammary gland of precursors for de novo 
fat synthesis. The results from infusion studies have, however, been highly variable, 
with changes in milk fat yield of between +4 and —16 per cent. Some have there- 
fore argued that this mechanism does not explain the range of milk fat depression 
encountered under commercial feeding situations. 

The third theory of milk fat depression (MFD) in dairy cows relates to interme- 
diaries produced during the biohydrogenation of polyunsaturated fatty acids in the 
rumen. It has long been recognised that the inclusion of vegetable oils such as soya 
or sunflower, or marine oils such as fish oil, result in large decreases in the content 
of fat in milk. For example, the inclusion of soya oil at about 400 g/day in the diet 
of dairy cows can result in a decrease in milk fat content of around 10-15 g/kg, 
whilst cod-liver oil given at about 200 g/day can reduce milk fat content by 10 g/kg, 
with herring oil having a similar effect. As discussed in Chapter 3, dietary polyun- 
saturated fatty acids that enter the rumen are biohydrogenated to saturated fatty 
acids, but this process is not 100 per cent complete and a number of intermediaries 
can leave the rumen intact. These intermediaries include trans fatty acids, some of 
which have been shown to have powerful effects on nutrient partioning and lipid 
metabolism. Minimal changes in the structure of these intermediaries can have a 
large influence on their biological potency. Milk fat depression is associated with a 
specific increase in trans-10 18 : 1 and trans-10, cis-12 conjugated linoleic acid 
(CLA), which are produced as intermediaries in the biohydrogenation of linoleic 
acid. Linoleic acid is high in vegetable oils such as sunflower oil and soya oil. A 
curvilinear relationship exists between the concentration of trans-10, cis-12 CLA 
and the decrease in milk fat yield, which is shown clearly in Fig. 16.8. Abomasal in- 
fusion of trans-10, cis-12 CLA has also exhibited a similar relationship. According 
to the biohydrogenation theory, changes in the ruminal environment that encour- 
age the production of intermediaries such as trans-10, cis-12 CLA will result in 
milk fat depression. For example, feeding a high-concentrate/low-fibre diet or a finely 
ground forage diet reduces ruminal pH and shifts the biohydrogenation pathway 
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Fig. 16.8 Milk fat content and concentration of trans-10, cis-12 conjugated linoleic 
acid following abomasal infusion. 
Adapted from Griinari J M and Bauman D E 2003 Update on theories of diet-induced milk fat depression 


and potential applications. In: PC Garnsworthy and J Wiseman (eds) Recent Advances in Animal Nutrition, 
Nottingham, Nottingham University Press, pp. 115-55. 


towards trans-10, cis-12 CLA production in the rumen, probably as a consequence 
of effects on specific groups of bacteria. This effect is increased if a source of 
linoleic acid is present. It is argued that the decrease in the ruminal proportion of 
acetic acid and increase in propionic acid that are associated with high-concentrate/ 
low-fibre diets is merely a consequence of the ruminal conditions required to pro- 
duce intermediaries such as trans-10, cis-12 CLA. The inclusion of marine oils such 
as fish oil does not always result in an increase in trans-10, cis-12 CLA in milk fat 
and yet they have a powerful effect on reducing milk fat content, and it appears 
that a number of other biohydrogenation intermediaries may also be involved. 
Recently, trans-9, cis-11 CLA and cis-10, trans-12 CLA have been identified as having 
the ability to depress milk fat levels. 

It is worth noting that in countries such as the USA, the content of trans fatty 
acids (such as CLA) must be declared on food products, with a view to eliminating 
these from the human diet. This is because of an association between coronary 
heart disease in man and trans fatty acids produced from partially hydrogenated 
vegetable oils that are used in the manufacture of margarines and spreads. Such 
products have a different profile of trans fatty acids compared with those observed 
in milk. Indeed, the most common trans fatty acid found in milk is cis-9, trans-11 
CLA, and there is evidence from laboratory animals that this fatty acid has a bene- 
ficial effect on protecting against certain types of cancer, coronary heart disease 
and diabetes. 

There is a tendency for dietary fat to be regarded simply as a source of energy. 
It has been shown, however, that when fat is replaced by an isocaloric amount of 
starch in the diet of the lactating cow, then milk yields may be lowered. There is 
also some evidence that diets having 50-70 g/kg DM of ether extract produce 
more milk than those containing less than 40 g/kg. Most forages and food grains 
have low contents of lipids, of the order of 15-40 g/kg, and the fat content of the 
diet is usually boosted by that of supplementary compound foods. The provision of 
high levels of dietary fat is particularly important with high-yielding cows, for 
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which the constraints of intake make it difficult to provide adequate energy. In ad- 
dition, increased saturated fat content at the expense of the starch fraction can 
help to correct the low-fat syndrome found with diets low in fibre and high in 
starch. This is the result of increased incorporation of long-chain fatty acids of the 
dietary fat into the milk fat whereas de novo synthesis of short-chain acids is de- 
creased. Protein concentration but not total protein secretion in the milk may be 
reduced. Unfortunately, added fat tends to impair fermentation and digestion of 
plant cell wall constituents in the rumen and may depress intake. The effect is 
greatest with roughages of high quality, and the effect in the case of low-quality 
materials may be negligible. It is generally considered that not more than 0.5 kg of 
fat should be added to the daily ration of a lactating cow. Higher levels may be 
used if the fat is protected so that its deleterious effects on the rumen are avoided 
and normal hydrogenation, solubilisation and absorption take place. Prills (pellets) 
of calcium salts of fatty acids have proved to be an effective form of protected fat. 
Fatty acids in this form are less available and therefore less toxic to the micro- 
organisms of the rumen than are the free fatty acids produced by fat hydrolysis. In 
addition, the release of free fatty acids into the rumen following the ingestion of 
fat results in the fixation of calcium, thus denied to the rumen microbes for which 
it is essential. This does not occur with the calcium soaps and it has been claimed 
that up to 15 per cent of the metabolisable energy requirement may be supplied by 
dietary fat when such products are used. 

The nature of the dietary fat can have a profound effect on the composition of 
milk fat. Diets rich in acids up to palmitic generally increase the proportions of these 
acids in milk fat at the expense of the Cus acids. Dietary fats rich in saturated and un- 
saturated acids result in increased yields of oleic and stearic acids with associated de- 
creases in shorter-chain acids, particularly palmitic acid. The secretion of linoleic and 
linolenic acid or the longer-chain eicosapentaenoic or docosahexaenoic acids found 
in fish oils is little affected by diet owing to the extensive hydrogenation that occurs 
in the rumen and their preferential distribution in the phospolipid coating of the fat 
globules, which is considerably lower in milk than the triacylglycerols. 

Changes in dietary carbohydrate that reduce milk fat content tend to increase 
protein content if dietary protein supply is adequate. The effect may require 2-3 weeks 
to manifest itself and be of the order of 8 g protein/kg milk. It is probable that the 
increased propionic acid production on such diets has a sparing effect on certain 
glucogenic amino acids such as glutamate, and more of these are then available to 
the mammary gland for protein synthesis. Alternatively, such diets are often associ- 
ated with an increase in microbial protein synthesis in the rumen, which will increase 
amino acid supply to the mammary gland. The increased intake of energy per se, 
which usually occurs on such diets, would have the same effect. 

Reductions in dietary protein level may decrease milk yield and, almost invari- 
ably, non-protein nitrogen content. Milk protein is little affected until intake of pro- 
tein falls below 60 per cent of requirement. This is probably due to an insufficiency 
of essential amino acids, primarily methionine, followed by threonine and trypto- 
phan. When duodenal amino acid supply has been measured and deficient amino 
acids infused directly into the bloodstream, there have been large increases (approx- 
imately 5-8 g/kg) in milk protein content. The prediction of the amino acid profile at 
the small intestine in dairy cows is fraught with difficulties, and feeding studies that 
have attempted to rectify amino acid imbalances through supplementation have pro- 
duced variable results. 
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BOX 16.9 Nutrigenomic effects on lactation 


Much is known about the biochemistry of milk synthesis, but the regulatory and cellular signalling sys- 
tems are less well understood. The development of genetic tools such as DNA microarrays, single- 
nucleotide polymorphism arrays and genotyping have led to the emergence of nutrigenomics in animal 
nutrition. Nutrigenomics is the study of how dietary nutrients interact with specific genes to influence 
animal performance, health and product quality. Specific nutrients can influence how DNA is tran- 
scribed into mRNA and then to proteins, including enzymes that control metabolism and health. For 
example, the expression of enzymes associated with milk fat synthesis is stimulated by a class of tran- 
scription factors, one of which is the sterol response element binding protein (SREBP) family. Inhibition 
of one of these (SREBP1c) in mice has been shown to result in a 41 per cent decrease in milk fat con- 
centration. In dairy cows, the mammary expression of SREBP1 and proteins involved in the activation 
and translocation of SREBP is reduced by trans-10, cis-12 CLA and, as discussed previously, trans-10, 
cis-12 CLA is a potent inhibitor of milk fat synthesis in dairy cows. Polyunsaturated fatty acids, espe- 
cially long-chain n-3 fatty acids, are also associated with a reduction in milk fat synthesis and appear to 
act by a similar mechanism. In contrast to the effects in the mammary gland, trans-10, cis-12 CLA in- 
creases the expression of genes involved in the pathways of lipid synthesis in the adipose tissue, includ- 
ing fatty acid synthase and stearoyl-CoA desaturase. Minerals and vitamins can also influence gene 
expression. For example, zinc interacts with cysteine and histidine to create zinc finger domains in 
DNA binding proteins, which can influence RNA synthesis. In zinc-deficient animals there is an in- 
creased expression of the gene for cholecystokinin production in the intestine, with the subsequent ef- 
fect of a reduced appetite. DNA microarray studies and other gene expression studies have suggested 
that biotin affects transcription of genes involved in glucose metabolism. The rapid developments in this 
area will provide a greater understanding of the mechanisms underlying nutritional effects and lead to 
strategies to enhance animal performance, health, product quality and nutrient use. 


16.3 NUTRIENT REQUIREMENTS OF THE LACTATING GOAT 


In addition to the dairy cow, the goat is also used for the commercial production of 
milk for human consumption. As in the case of the dairy cow, nutrient requirements 
depend upon the amount of milk being produced and its composition. 

Milk yield 

Yield varies with breed (Table 16.12). A lactation normally lasts for about 10 months, 
during which time up to 1350 kg of milk may be produced. In the short term, the 
Table 16.12 Total lactation milk yields of dairy goats in England 


and Wales 

Breed Lactation milk yield (kg) 
Anglo-Nubian 681 

Saanen 904 

British Saanen 970 
Toggenburg 672 

British Toggenburg 1090 

British Alpine 953 

Golden Guernsey 820 


Adapted from AFRC 1994 The Nutrition of Goats, Technical Committee on Responses 
to Nutrients report no. 10, Wallingford, CABI. 
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Fig. 16.9 Yield prediction for a goat producing about 750 kg milk/lactation. 


major factor affecting yield will be the stage of lactation, with the pattern of milk 
production being similar to that for the dairy cow (see p. 412). Peak yield usually 
occurs at about the sixth week postpartum and is maintained for the next 4 weeks, 
before declining at the rate of about 2.5-3 per cent per week. Estimates of yield may 
be made using the following equation: 


Y (kg/day) = A exp[B(1 + n'/2)n' + Cn'2 — 1.01/n)] 


where n = days postpartum, n’ = (n — 150)/100, A = the yield at day 150 of lacta- 
tion, B = persistency in the form of change in yield at day 150, and C = curvature in 
the decline in yield in the period after the peak is achieved. 

Figure 16.9 shows a plot of the estimated yields for a lactation yield of about 750 kg, 
with A = 3.47, B = —0.618 and C = —0.0707. 


Milk composition 


The composition of milk is primarily affected by the breed of the goat. Representa- 
tive figures for several breeds are given in Table 16.13. As with the dairy cow, breeds 
producing the higher yields tend to give milk of poorer quality. 

Stage of lactation also affects the composition of the milk. Fat and solids-not-fat 
content fall to a minimum at about 4 months postpartum, rise for the succeeding 
3 months and then increase slowly until the close of the lactation. 


Table 16.13 Composition (g/kg) of the milks of dairy goats in England and Wales 


Breed Fat Protein Lactose Energy value (MJ/kg) 
Anglo-Nubian 46.5 35.5 43.4 3.36 
Saanen 35.1 28.8 44.8 2.79 
British Saanen 37.6 29.2 42.8 2.86 
Toggenburg 37.1 28.6 45.8 2.87 
British Toggenburg 37.3 29.6 43.8 2.87 
British Alpine 41.1 31.1 43.3 3.05 
Golden Guernsey 41.9 31.7 43.3 3.09 
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Fat content has been shown to decrease with increasing parity and is lower for 
animals with high lactation yields. 

The nutrient requirements of the lactating goat may be derived factorially from 
estimates of the requirements for maintenance, milk production and liveweight change. 


Energy requirement 
Maintenance 


Estimates of the fasting metabolism for lactating goats show considerable variation, 
but a mean value of 315 kJ/kg W9:75 per day, which closely resembles that of 
319 kJ/kg W°-”> per day for dairy cattle, is an acceptable estimate. This is the basic 
energy requirement. It should be increased by about 10 per cent for animals kept 
indoors, 20 per cent for grazing animals under lowland conditions and 30 per cent 
for those on the hill, to allow for increased activity. In very dry or mountainous 
situations these may have to be increased to as much as 100 per cent. 

The efficiency of utilisation of metabolisable energy for maintenance (k,,) may be 
calculated as follows: 


km = 0.35qm + 0.503 


For a diet of qm = 0.6, km = 0.713, and the basic requirement for metabolisable 
energy for maintenance for a 60 kg goat is then 0.315 x 60°-79/0.713 = 9.52 MJ/day. 
For a goat on hill land, it should be increased to 12.4 MJ/day. 


Milk production 


The net requirement of energy for milk production is the gross energy of the milk 
produced. This will depend upon the yield and the energy value (MJ/kg) of the milk. 

In its 1998 publication (see Further reading), the Agricultural and Food Research 
Council proposed the use of the following equation for estimating the energy value 
of goat’s milk: 


EV, (MJ/kg) = 0.0376 x fat (g/kg) + 0.0209 x protein (g/kg) + 0.948 


When the protein content of the milk is not known, EV; may be calculated as 
follows: 


EV,(MJ/kg) = 1.509 + 0.0406 x fat 


When no data are available, a value of 3.25 MJ/kg or breed values based upon 
the figures in Table 16.13 may be adopted. 

The efficiency of utilisation of metabolisable energy for milk production (kı) may 
be calculated as follows: 


ky = 0.35qm + 0.42 


The metabolisable energy requirement for the production of 1 kg of milk in the 
case of an Anglo-Nubian goat receiving a diet of qm of 0.6 would then be 3.36/0.63 = 
5.33 MJ/day. The metabolisable energy requirement of a 60 kg goat of this breed 
producing 3 kg of milk at pasture would be: 


(0.315 x 1.2 x 60°75/0.71) + (3 x 3.36/0.63) = 27.5 MJ/day 


Lactating goats are almost always gaining or losing weight owing to the need for 
mobilisation of body tissue to make good the difference between energy input and 
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output. In the situation where a goat is being fed to gain weight, extra energy has to 
be provided. AFRC (1998) suggests a value of 23.9 MJ/kg of liveweight change for 
the EV, of lactating goats. This is equivalent to a dietary metabolisable energy contri- 
bution of 32.4 MJ (23.9 x 0.84/0.62). The efficiency of utilisation of metabolisable 
energy for gain may be taken as 0.95 ki. For 1 kg of liveweight gain, a dietary intake 
of metabolisable energy of 41 MJ [23.9/(0.62 x 0.95)] would be required. 

As with cattle, a level of feeding correction should be used when calculating energy 
requirements. 


Protein requirement 
Maintenance 


The net requirement for nitrogen for maintenance is that required to replace the en- 
dogenous urinary loss (EUN) plus part of the metabolic faecal nitrogen loss (MFN) 
plus loss of nitrogen in hair and scurf (D). The total is termed the basal endogenous 
nitrogen (BEN) and is of the order of 0.35 g/kg W°-75/day, which translates to a 
metabolisable protein demand of 2.19 g/kg W°-”°. Metabolisable protein is assumed 
to be used for maintenance with an efficiency of 1.0. 


Lactation 


Estimates of the crude protein contents of the milks of modern dairy goats (see 
Table 16.13) range from 28.6 g/kg to 35.5 g/kg. Taking an average value of 30.6 g/kg 
gives an acceptable true protein content of 27.5 g/kg, assuming that 10 per cent of 
the milk nitrogen is non-protein nitrogen. When the information is available, a preferred 
figure should be used instead: for example, 32 g/kg for the Anglo-Nubian breed. The 
efficiency of utilisation of metabolisable protein for milk production is 0.68 and the 
metabolisable protein requirement for milk production is then 32/0.68 = 47 g/kg. 

When the lactating goat is losing weight, the mobilised tissue contributes nitrogen 
to the production of milk. Efficiency of mobilisation is taken to be 1.0 and the mo- 
bilised nitrogen is used with an efficiency of 0.68. The protein content of liveweight 
change (AW) in the lactating goat has been estimated as 138 g/kg. Liveweight loss 
thus contributes 138 x 0.68 = 93.8 g metabolisable protein per kilogram to the pro- 
duction of milk. 

When the lactating goat is gaining weight, there is a requirement in excess of that 
required for maintenance and lactation. Taking the protein content of liveweight gain 
to be 138 g/kg and the efficiency of utilisation of metabolisable protein for gain to be 
0.59 gives an extra dietary requirement of 234 g/kg of metabolisable protein. 

The metabolisable protein requirement, where Y is milk yield in kilograms, is then: 


MP (g/day) = 2.19 x W°7> + 27.5Y/0.68 + 138 x AW/0.59 


when AW is positive and 


MP (g/day) = 2.19 x W9:5 + 27.5Y/0.68 — 138 x AW x 0.68 


when AW is negative. 

The daily requirement for degradable protein (ERDP) is given by (FME X 11) g, 
where FME (MJ/day) is the fermentable metabolisable energy intake. The contribu- 
tion of dietary ERDP to satisfying metabolisable protein demand may be calculated, 
as for the cow, as 0.6375 X ERDP. 
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BOX 16.10 Calculation of the requirements of a 60 kg Anglo-Nubian goat producing 
5 kg/day milk at pasture and losing 50 g W/day 


Mm (MJ/day) = (60975 x 0.315 x 1.2)/0.713 = 11.43 
M, (MJ/day) = 5 x 3.36/0.63 26.67 
M, (MJ/day) = —0.05 x 32.4 —1.62 
Mm + M, (MJ/day) 36.47 
Feeding level correction = 1 + 0.018 x Mp/Mm 1.0394 
Mp (MJ/day) = 36.47 x 1.0394 37.91 


FME (MJ/day) 32.68 
ERDP (MJ/day) = 32.68 x 11 359.5 
MP (g/day) = (2.19 x 60°75) + (35.5 x 0.9 x 5/0.68) — (0.05 x 138) 275.8 
Microbial protein supply (g/day) = 359.5 x 0.6375 229.2 
DUP (g/day) = 275.8 — 229.2 46.5 
Ca (g/day) = (2.37 + 5 X 1.3)/0.51 17.4 
P (g/day) = (3.71 + 5 X 0.9)/0.55 14.9 
Mg (g/day) = (50 X 0.0035 + 5 X 0.13)/0.17 = 4.9 


The daily requirement for digestible undegraded protein (DUP) is calculated as 
follows: 


DUP (g/day) = MP — 0.6375 x ERDP 


Requirements for calcium, phosphorus and magnesium 
Endogenous losses (net requirements for maintenance) may be calculated as follows: 
Calcium (g/day) = 0.623 x DMI + 0.228 
Phosphorus (g/day) = 1.6(0.693 x DMI — 0.06) 


where DMI = metabolisable energy intake/18.4q,, (NB: this is not a prediction of 
potential intake). 


Magnesium (g/day) = 0.0035 W 


Milk may be taken to contain 1.3 g calcium, 0.9 g phosphorus and 0.13 g magne- 
sium per kilogram. 

There is a dearth of information on the availability of dietary minerals for the 
goat, and it is suggested that the values used for cattle, 0.51, 0.55 and 0.17 for cal- 
cium, phosphorus and magnesium, respectively, should be adopted. 

An example of the calculation of the nutrient requirements of a goat with an as- 
sumed dry matter intake of 3.43 kg/day (37.91/18.4 x 0.6) is given in Box 16.10. 


16.4 NUTRIENT REQUIREMENTS OF THE LACTATING EWE 


The lactation of the ewe usually lasts 12-20 weeks, although individuals show con- 
siderable variations. Stage of lactation has a pronounced effect on milk yield, which 
is maximal at the second to third week and then falls steadily, as shown for Suffolk 
ewes in Fig. 16.10. 
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Fig. 16.10 Effect of stage of lactation on milk yield of the ewe. 


From Wallace L R 1948 Journal of Agricultural Science, Cambridge 38: 93. 


It has been calculated that about 38 per cent of the total yield is obtained in the 
first 4 weeks of lactation, 30 per cent in the succeeding 4 weeks, 21 per cent in the 
next 4 weeks and 11 per cent in the final 4 weeks. Comparison of the milk yields of 
different breeds is difficult, since the data have been obtained under widely differing 
climatic conditions, levels of feeding and sampling techniques. They indicate, how- 
ever, that differences do exist (Table 16.14) and that within-breed differences are fre- 
quently large. 

Animals suckling more than one lamb produce more milk than those suckling sin- 
gle lambs. The higher yield is probably due to higher frequency of suckling and greater 
emptying of the udder, indicating that a single lamb is incapable of removing sufficient 
milk from the udder to allow the full milking potential of the ewe to be fulfilled. 

Data on the composition of the milk of the ewe suckling lambs are relatively few, 
although more data are available for machine-milked ewes. Factors such as sampling 
techniques, stage of lactation and milking intervals all affect composition, and figures 
are not strictly comparable and thus show considerable variation. Thus, published fig- 
ures for breed average fat and protein contents vary from 50 g/kg to 100 g/kg and 


Table 16.14 Lactation (12 weeks) yields of different breeds of sheep 


Yield (kg) 
Breed Twins Singles 
Romney Marsh 148 115 
Cheviot _ 91 
Border Leicester/Cheviot 211 124 
Suffolk 145 94 
Hampshire Down 79 75 
Scottish Blackface 142 102 
Finnish Landrace/Scottish Blackface 206 133 
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Table 16.15 Effect of breed on the composition of ewe's milk (g/kg) 


Breed Fat Protein 
Suffolk 6.60 5.80 
Dorset 6.10 6.50 
Welsh Mountain 6.20 5.40 
East Friesian 6.64 6.21 


After Bencini R 2001 Proceedings of the 7th Great Lakes Dairy Sheep Symposium. 


from 40 g/kg to 70 g/kg, respectively. Breed differences in composition are illustrated 
by the figures given in Table 16.15. 

The composition of ewe’s milk is affected by stage of lactation as shown in Fig. 16.11. 
The changes are similar to those in the dairy cow if allowance is made for the different 
length of lactation. 

The nutrient requirements of the lactating ewe may be derived factorially from 
estimates of the requirements for maintenance, milk production and liveweight 
change. 


Fat (g/kg) 


Lactation mean 0 


Protein (g/kg) 


Lactation mean 0 
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Fig. 16.11 Effect of stage of lactation on milk composition of Finnish Landrace x 
Blackface ewes. 


Adapted from Peart J N et al. 1972 Journal of Agricultural Science, Cambridge 79: 303. 
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Energy requirements 
The net requirement for maintenance (Em) of housed ewes may be calculated as follows: 
E,,(MJ/day) = 0.226(W/1.08)°> + 0.0096W 


where W is liveweight (kg). 

The activity increment of 0.0096W will be greater for ewes kept outdoors. For 
grazing sheep under lowland conditions, a value of 0.0109 would appear to be rea- 
sonable, and for hill sheep, 0.0196. 

The energy value of ewe’s milk is given by the following: 


EV,(MJ/kg) = 0.0328F + 0.0025D + 2.20 


in which F = fat content (g/kg) and D = day of lactation. Alternatively, a value of 
4.6 MJ/kg may be assumed when no information on composition is available. 

Estimates of the energy value of mobilised body tissue in the lactating ewe have 
varied from 17 MJ/kg to 68 MJ/kg, being particularly high and variable in early lac- 
tation. The figure of 68 MJ/kg is not acceptable and can be explained only in terms 
of simultaneous loss of fat accompanied by storage of water. In the absence of defin- 
itive evidence, it is proposed that, by analogy with the lactating cow, a figure of 
25 MJ/kg should be taken. Each kilogram of mobilised tissue contributes 25 x 0.84 = 
21.0 MJ net energy as milk and each kilogram of liveweight gain adds an additional 
25/0.95 = 26.3 MJ to the net lactation requirement of the animal for energy. 

The relevant efficiency factors for calculating metabolisable energy requirements 
are as follows: 


km = 0.35qm + 0.503 
ki = 0.35qm + 0.42 


Protein requirements 


The requirement for metabolisable protein is made up of that for maintenance, cal- 
culated as 2.19 g/kg W 975, plus that for milk production calculated as 49/0.68 = 72 g/kg 
milk, plus that for wool growth taken as 20.4 g/day, plus or minus an adjustment 
for liveweight change (AW), calculated as —119 g/kg AW when AW is negative, and 
+140 g/kg AW when AW is positive. 

The requirement for effective degradable protein is given by ERDP (g/day) = 
FME (MJ/day) X 11. The requirement for truly digested undegradable protein is: 


DUP (g/day) = 2.19W®”> + 49Y/0.68 + 20.4 — 119AW — 0.6375 ERDP 
when the animal is losing weight, and: 


DUP (g/day) = 2.19W°75 + 49Y/0.68 + 20.4 + 140AW — 0.6375 ERDP 


when the animal is gaining weight, where Y is milk yield in kilograms per day and 
AW is liveweight change in kilograms per day. 


Calcium, phosphorus and magnesium 


As with the lactating dairy cow, the TCORN methods of calculating net require- 
ments, along with our previously used figures for availability, have been used in cal- 
culating the values given in the tables of Appendix 2. 
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Table 16.16 Suggested milk yields for calculating nutrient allowances for 
lactating ewes 


Type of ewe Milk yield 
Number of 12 weeks Days 1-28 Days 29-56 Days 57-85 
lambs (kg) (kg/day) (kg/day) (kg/day) 
Hill One 86 1.21 1.09 0.75 
Two 130 1.90 1.63 1.11 
Lowland One 140 2.00 1.80 1.20 
Two 190 2.90 2.31 1.56 


The net daily maintenance requirement for calcium, phosphorus and magnesium 
may be calculated as follows: 


Ca (g/day) = 0.623 x DMI + 0.228 
P (g/day) = 1.6(0.693 x DMI) — 0.06 
Mg (g/day) = 0.03W 


The net requirements for milk production (g/kg) are 1.2 g calcium, 1.3 g phos- 
phorus and 0.17 g magnesium. Absorbability values are 0.51, 0.55 and 0.17 for cal- 
cium, phosphorus and magnesium, respectively. 

For the purposes of calculating nutrient allowances, the milk yields given in 
Table 16.16 may be adopted. 

An example of the calculation of the nutrient requirements of a lactating ewe is 
given in Box 16.11. 


BOX 16.11 Calculation of the nutrient requirements of a 75 kg lowland ewe in the 
fourth week of lactation, suckling two lambs, receiving a diet of qm = 0.6 
and losing 100 g W/day 


Em (MJ/day) = 0.226 x (75/1.08)°7> + 0.0109 x 75 = 6.25 
km = 0.35 x 0.6 + 0.503 0.713 
Mn (MJ/day) 8.77 
E) (MJ/day) = 2.31 x 4.6 10.63 
ki = 0.35 x 0.6 + 0.42 0.63 
M, (MJ/day) 16.87 
M, (MJ/day) = —0.1 x 21.0/0.63 -3.33 
M,(MJ/day) = 16.87 — 3.33 13.54 
Level of feeding correction = 1 + 0.018M,/M,, 1.0278 
Mmp (MJ/day) = 1.0278(Mm + Mp) 22.93 
FME (MJ/day) 20.3 
ERDP (g/day) = 20.3 x 11 223.3 
MP (g/day) = (2.19 x 75°75) + (2.31 x 72) + (-0.1 x 119) + 20.4 230.6 
DUP (g/day) = 230.6 — (223.3 x 0.6375) = 88.2 
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Nutrient requirements of the lactating sow 


The allowances given in the tables of Appendix 2 do not include a safety margin. 

Ewes that have been severely undernourished in pregnancy show a more rapid 
decline in milk production during the subsequent lactation than adequately nour- 
ished animals. This accords with independent observations of reduced metabolic ca- 
pacity in ewes severely undernourished during pregnancy. Where restriction is less 
severe and ewes come to parturition in lean condition, they have been shown to milk 
as well when adequately nourished as do ewes with better condition scores at lamb- 
ing. Ewes will not maintain high milk production at the expense of body reserves, 
and even relatively small restrictions of intake depress milk production. Severe re- 
striction of nutrient intake (to provide maintenance only) may reduce milk produc- 
tion by as much as 50 per cent in 2-3 days. If restriction is continued beyond the 
time when peak yield is normally achieved, then recovery of yield may not be ac- 
complished even if subsequent intake is raised. 


NUTRIENT REQUIREMENTS OF THE LACTATING SOW 


In most breeding units, lactation lasts for 3—6 weeks and many litters are weaned at 
3-4 weeks of age. Maximum yield of milk occurs at about 4 weeks and production 
falls gradually thereafter, as shown in Table 16.17. 

Fat content rises to the third week and then falls to the end of lactation. Solids- 
not-fat content is at a minimum at the third week and then rises to the end of lacta- 
tion owing mainly to a rise in protein content. 

Milk yield also varies with breed, age and litter size. It increases with the number 
of piglets suckled, although yield per piglet decreases as shown in Table 16.18. 


Table 16.17 Variation in yield and composition of sow’s milk with stage of lactation 


Week 
1 2 3 4 5 6 7 8 
Daily yield (kg) 5.10 6.51 7.12 7.18 6.95 6.59 5.70 4.89 
Fat (g/kg) 82.6 83.2 88.4 85.8 83.3 75.2 73.6 73.1 
SNF (g/kg) 115.2 113.2 111.8 1141 117.3 120.5 1261 129.9 


Protein (g/kg) 57.6 54.0 53.1 55.0 59.2 62.3 683 73.4 
Lactose (g/kg) 49.9 51.5 50.8 50.8 49.0 48.6 47.5 45.6 
Ash (g/kg) 7.7 7.7 7.9 8.3 9.1 9.6 103 10.9 


After Elsley F W H 1970 Nutrition and lactation in the sow. In: Falconer | R (ed.) Lactation, London, 
Butterworth, p. 398. 


Table 16.18 Effect of litter size on milk yield in the sow 


Number of pigs 


Daily milk yield (kg) 4 5 6 7 8 9 10 1 12 
Per litter 40 48 52 58 66 70 76 £82 86 
Per pig 10 10 09 09 09 08 08 07 07 


From Elsley F W H 1970 Nutrition and lactation in the sow. In: Falconer | R (ed.) Lactation, London, 
Butterworth, p. 396. 
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Table 16.19 Estimates of the milk yields of sows (kg/day) 


Day of lactation 


a 7 14 21 28 
18 6.8 8.4 8.7 8.1 
24 9.1 11.3 11.6 10.8 


Modern hybrid sows of higher liveweight are generally considered to give higher 
yields than those shown in the tables. Various equations, similar to those for dairy 
cows, have been proposed for predicting the yields for such sows. It is suggested that 
the following provides acceptable estimates: 


Y (kg/day) = a Xe" Xu 


where a is a scalar, t is day of lactation, u is e @P (G — Bt) and describes the degree 
of maturity of the mammary gland at parturition, and e describes the rate of de- 
cline of secretory capacity. 

Estimates of yield based on a = 18 and 24, c = 0.025, G = 0.5 and B, = 0.1 are 
given in Table 16.19. 


Energy requirements 


Energy requirements for sows are calculated according to BSAS (2003) as net energy 
(NE), which has replaced older systems based on digestible energy (DE). The net en- 
ergy requirement of the lactating sow for dietary energy is the sum of that expended 
in maintenance plus the gross energy of the milk less the contribution from mo- 
bilised body tissue. Fasting heat production is calculated as 0.750 MJ per kg W°-6° 
per day and activity costs account for 0.10 of maintenance requirements for inten- 
sively housed sows, but will be higher for more active pigs. The net energy require- 
ment for milk is assumed to be 5.4 MJ/kg. Body fat that is mobilised to provide 
energy for milk production is used with an efficiency of 0.85 and will provide 39.4 x 
0.85 = 33.5 MJ/kg of NE. A daily rate of body fat mobilisation of 0.25 kg is gener- 
ally assumed as being representative of commercial practice and will reduce dietary 
requirements by 8.4 MJ NE per day (0.25 Xx 33.5). Daily fat loss of 0.50 kg/day is 
not exceptional in commercial practice, reducing daily NE requirements by 16.7 MJ 
NE per day. It should be borne in mind that 1 kg of mobilised body weight contains 
approximately 0.85 lipid, and account should be taken of this when measurements 
based on liveweight change are made. The daily NE requirements for a 225 kg 
sow producing 11 kg of milk and mobilising 0.25 kg lipid per day are presented in 
Box 16.12. As the NE value of a feed is a consequence of the digestion and utilisa- 
tion of the diet components, the NE content of a feed is less for growing pigs and lac- 
tating sows than for pregnant sows, as shown in Appendix 2. Previous systems of 
calculating the daily energy requirements of lactating sows were based on adding the 
metabolisable energy requirements for maintenance, milk yield and liveweight change 
and then converting to digestible energy (DE) by dividing by 0.96. For comparison, 
a similar calculation has also been conducted and the DE requirements presented in 
Box 16.12. Alternatively, DE requirements may be approximated by the simplistic 
assumption that DE = NE/0.71. 


Nutrient requirements of the lactating sow 


BOX 16.12 Net energy and comparable digestible energy requirements for a 250 kg 
sow producing 10 kg of milk per day and mobilising 0.25 kg of body lipid 
and being fed 7.5 kg/day 


Net energy 


Fasting metabolism = 0.750 W 9:60 = 20.6 MJ/day 
Activity allowance = 0.10 fasting metabolism 2.06 MJ/day 
Milk requirements = 10 kg x 5.4 MJ/kg 54.0 MJ/day 
Minus lipid mobilisation = 0.25 x 33.4 8.4 MJ/day 
Total net energy requirements = 20.6 + 2.06 + 54 — 8.4 68.3 MJ/day 
NE MJ/kg diet = 68.3/7.5 = 9.1 MJ/kg 


Digestible energy 


Maintenance = (0.444 W9:75 x 1.10)/0.96 = 32 MJ/day 
Milk requirements = [(10 kg x 5.4)/0.7]/0.96 80.4 MJ/day 
Minus lipid mobilisation = 0.25 x 50 12.5 MJ/day 
Total digestible energy requirements = 32 + 80.4 — 12.5 99.9 MJ/day 
DE MJ/kg diet = 99.9/7.5 = 13.3 MJ/kg 


There is the belief that it is desirable to feed for very high weight gains during 
pregnancy and to rely heavily on the mobilisation of body reserves to supply the en- 
ergy requirement during lactation. High intakes in pregnancy can improve yield in 
the subsequent lactation, but appetite in lactation is reduced. It has been claimed 
that the reduction is of the order of 0.5 kg for each increase of 0.5 kg in pregnancy 
feeding. As a result, weight loss in lactation may be excessive, leading to prolonged 
intervals between weaning and conception. The maximum tolerable weight loss in 
lactation is of the order of 10-12 kg. It is now considered that the greatest efficiency 
of energy utilisation is achieved by giving adequate amounts of energy during lacta- 
tion after restricted intake during pregnancy. A true gain in sow body weight of 
12-15 kg over a complete reproductive cycle (about 25-27 kg during pregnancy) 
appears to give optimal reproductive performance and provides body reserves for 
lactation. When levels of food intake during lactation are designed to meet require- 
ment, sows lose less weight and produce more milk than animals on a lower nutritional 
plane. On the other hand, piglets reared by sows receiving the higher intakes have 
failed to show significant advantage. This is partly because the lower-yielding sows 
produced richer milk and partly because the increased yields were obtained after 
the third week, when creep feed was being eaten and the piglets on the low-yielding 
sows ate more of this feed than the others. Consumption of creep feed is variable 
and cannot always be relied upon to make good the deficiencies in the milk yield of 
the sow; for safety, it would be preferable to feed the piglets via the milk rather than 
by the more efficient direct creep feeding. There is evidence that low levels of energy 
during lactation have a cumulative effect and that considerable reduction of milk 
yield and depletion of subcutaneous fat may occur over three lactations. Various 
techniques, including frequent feeding, wet feeding, pelleting, high-energy diets and 
avoidance of overfatness at farrowing, are used to ensure satisfactory intakes in lac- 
tation. It is important to appreciate the constraints of intake when diets are being 
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formulated. Intakes may be as low as 4 kg/day at high temperatures but may reach 
7-8 kg in cool conditions. Under normal circumstances, intakes are rarely higher 
than 6.5 kg and are more commonly about 5 kg. 


Protein requirements 


The lactating sow is a highly efficient converter of protein into milk. In the UK, dietary 
requirements for sows are calculated according to BSAS (2003) and are based on stan- 
dardised ileal digestible lysine and balancing the remaining essential amino acids. This 
is a more precise approach than previous systems that were based on dietary lysine 
concentrations, which did not account for endogenous losses. Sow’s milk is assumed to 
contain 54 g protein/kg, with a lysine concentration in the protein of 0.073 kg/kg. 
Daily maintenance requirements for protein are 0.9 g/kg W9-75, with a lysine content 
of 0.058 kg/kg. An efficiency of 0.82 is used for obligatory tissue protein turnover, and 
obligatory endogenous losses are 0.05 of requirements; therefore requirements for 
maintenance and lactation are multiplied by 1.05. An assumption is made that mater- 
nal body protein is in balance during lactation and therefore no adjustments are re- 
quired. Total lysine requirements may then be calculated using the ileal digestibility of 
the feed, or if unavailable a standard value of 0.84 X dietary lysine content can be 
used. Daily ileal digestible lysine requirements for a 250 kg sow producing 10 kg of 
milk and consuming 7.5 kg/day are presented in Box 16.13. 

The remaining essential amino acids should be provided in the proportions rela- 
tive to lysine provided in Table 13.7 in Chapter 13. For example, the methionine re- 
quirements for lactation are 0.30 of that of lysine, resulting in a daily methionine 
requirement of 19.5 g/day or 2.6 g/kg diet. Conducting a similar calculation for all 
the essential amino acids, and assuming that the non-essential amino acids are typi- 
cally 1.5 times this level, results in a minimum ileal digestible protein content of 
120 g/kg, or a dietary protein level of approximately 143 g/kg diet (120/0.84). 

Evidence is accumulating that the high protein levels usually recommended for 
the diets of lactating sows may be required only because of inadequate protein qual- 
ity. It has been demonstrated that the biological value of barley can be raised from 
about 0.56 to 0.72 by supplementation with 20 g of lysine per sow per day. This is to 
all intents and purposes the same as the figure of 0.73 for barley/fishmeal diets. In 
the light of this information, it has been suggested that diets containing as little as 
120 g crude protein per kilogram may be adequate for milk production, as long as ly- 
sine levels are adequate and intake is not less than 5 kg/day for a sow suckling eight 
piglets. Such a low level of dietary crude protein would indicate a gross efficiency of 
conversion of dietary to milk protein of 0.63, which is highly optimistic. 


BOX 16.13 Standardised ileal digestible lysine requirements for a 250 kg sow 
producing 10 kg of milk per day and fed 7.5 kg per day. 


Maintenance = [(0.9W9:75 x 0.058)/0.82] x 1.05 = 4.2 g/day 
Lactation = [(10 kg/day x 54 x 0.073)/0.82] x 1.05 50.5 g/day 
Standardised ileal digestible lysine g/day 54.7 g/day 
Standardised ileal digestible lysine g/kg diet = 54.7/7.5 7.3 g/kg diet 
Total lysine g/day = 54.7/0.84 65.1 g/day 
Total lysine g/kg = 65.1/7.5 = 8.7 g/kg 
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Nutrient requirements of the lactating mare 


Mineral requirements 


There is little evidence to suggest that minerals other than calcium and phosphorus 
have to be provided in the diet of lactating sows at levels above those necessary for 
normal reproduction. Balance experiments indicate that the gross efficiency of utili- 
sation of calcium and phosphorus for lactation is about 0.47 and 0.5, respectively. 
Table 16.1 shows that the milk of the sow contains 2.5 g/kg of calcium and 1.7 g/kg 
of phosphorus. A sow producing 10 kg of milk per day would thus be secreting 25 g 
of calcium and 17 g of phosphorus. Obligatory losses (g/100 kg W) may be assumed 
to be 3.2 g calcium and 2 g phosphorus. The 200 kg sow (see above) would have the 
following requirements: 


(3.2 x 2 + 10 x 2.5)/0.47 = 66.8 g Ca/day 
(2 x 2 + 10 x 1.7)/0.5 = 42.0 g P/day 
A meal given at 7.5 kg/day would need to contain 8.9 g Ca/kg and 5.6 g P/kg. 
More recent estimates of the phosphorus requirements for pigs are based on di- 
gestible phosphorus, although assumptions made regarding the availability of inor- 


ganic and organic phosphorus sources are problematic. The phosphorus digestibility 
in feeds may also be enhanced through the addition of phytases in the diet. 


Vitamin requirements 


Little information is available concerning the vitamin requirements for lactation in 
the sow. Those given in the tables of Appendix 2 represent reasonable supplementa- 
tion levels during lactation. In commercial practice, levels some two to three times 
higher are often fed. 


NUTRIENT REQUIREMENTS OF THE LACTATING MARE 


The nutrient requirements of the mare for milk production depend upon the amount 
of milk being produced and upon its composition. 


Milk yield 


The yield of milk varies with breed, age, stage of lactation, nutrient intake in the late 
stages of pregnancy, current nutrient intake, and water availability. Some typical 
milk yields for mares of different liveweights are given in Table 16.20. 


Table 16.20 Typical milk yields (kg/day) of mares of various body weights during 
weeks 1-25 of lactation 


Weeks 1-2 4-5 5-12 20-25 


Quarter horse (500 kg) 10 14 10 _ 
TB, standardbred (494 kg) 12-16 14-16 18 - 
Dutch saddlebred horse (600 kg) 14 16 19 11 
French draft (726 kg) 20 25 27 _ 


Adapted from Frape D 1998 Equine Nutrition and Feeding, 2nd edn, Oxford, Blackwell Science. 
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Yield for brood mares (kg/day) may be predicted as 3 per cent of liveweight dur- 
ing the first 3 months of lactation and 2 per cent of liveweight for months 4-6. For 
ponies the corresponding percentage values are 4 per cent and 3 per cent respectively. 
Alternatively, milk yield may be estimated as follows: 


Y = a X (d0:0953) x e(-0.00434) 


where Y = milk yield (kg), a = 0.0274 x mature weight (kg), d = day of lactation and 
e = natural log.A mare with a mature weight of 500 kg at day 30 of lactation would be 
predicted to yield 16.7 kg/day, whereas at day 80 yield would be 14.8 kg/day. 


Milk composition 


Fat content rises to a maximum of approximately 18 g/kg at around week 2 of lacta- 
tion, where it remains relatively constant for most of lactation, before declining to 
approximately 14 g/kg in late lactation. Protein content declines sharply to day 22 of 
lactation and then levels off at approximately 19.6 g/kg. Lactose shows a very slight 
rise as the lactation proceeds. The gross energy of the milk falls sharply in early lac- 
tation but from about day 12 shows little change from a value of about 2.1 MJ/kg. 


Energy requirement 


Energy standards may be derived factorially. This involves an estimate of the gross en- 
ergy value (EV, (MJ/kg)) of the milk, which, along with the yield (Y (kg)), may be used 
to estimate the net energy requirement for milk production. The US National Research 
Council (NRC, 2007; see Further reading) assumes the gross energy content of mare’s 
milk to be 2.09 MJ/kg, which is the net requirement for milk production. 

Digestible energy (DE) is assumed to be converted to milk energy with an effi- 
ciency of 0.6, and the requirement for milk production (DE) is then 2.09/0.6 MJ. 

In the French net energy system for horses, the gross energy of milk is assumed to 
be 2.3 MJ/kg and the net requirement for milk production is 2.3 Y MJ. 

In addition to the requirement for the production of milk, the diet of the lactating 
mare must provide the energy for maintenance. NRC (2007) proposes for mares of 
less than 700 kg that DE required for maintenance (DE,,) is calculated as follows: 


DE,, = 0.152 MJ/kg body weight 


For lactating mares above 700 kg body weight, it is assumed that activity is less and 
DE required for maintenance (DE,,) is calculated as follows: 


DE,, = 0.139 MJ/kg body weight 


In the French net energy system, the requirement for maintenance is calculated as 
0.351 MJ/kg W°-75, with factors used to allow for activity that depend upon the type 
of horse and whether the animal is at work. Thus, for a riding horse at work, the fac- 
tor would be 1.05 at rest and 1.10 at work; for a draft animal at work, the factors 
would be 1.0 and 1.05. 

According to the NRC system, the energy requirement of a mare of 500 kg 
liveweight producing 15 kg of milk per day would be: 


DE (MJ/day) = 0.152W + (15 x 2.09/0.6) = 76.0 + 52.3 = 128.3 


This value is 8 per cent higher than the allowance previously recommended by 
NRC (1989). 


Nutrient requirements of the lactating mare 


The energy requirement of the same animal according to the French system 
would be: 


NE (MJ/day) = (0.351 x 500975) + (15 x 2.3) = 37.11 + 34.50 = 71.6 


The French system provides tables of net energy values of some 149 foods for 
maintenance, which are considered applicable to lactation as well. The values are 
stated in terms of UFC (unité fouragëre cheval); one UFC is equal to the net energy 
of standard barley, equal to 9.42 MJ/kg. 


Protein requirements 


The net protein requirement for milk production is the protein content of the milk. 
Up to day 22 ol lactation, the crude protein content of milk (g/kg) can be estimated 
as: 10 x (3.43 — 0.066 d), where d = days in milk. After day 22, milk protein concen- 
tration is assumed to be 19.6 g crude protein/kg. Using an efficiency of utilisation of 
50 per cent and a digestibility of 79 per cent results in a dietary crude protein re- 
quirement for milk production of approximately 50 g/kg milk. Previous protein re- 
quirements were based on digestible crude protein, but more recently NRC (2007) 
argues that the lack of information regarding digestible crude protein content of feed- 
stuffs commonly fed to horses does not justify its use, and that requirements should 
be based on dietary crude protein. The crude protein requirement (g/day) for mainte- 
nance is therefore calculated as 1.44 W and total requirements for milk production as 
CP requirement = 1.44W + 50Y. For a 500 kg mare producing 15 kg of milk, the 
daily crude protein requirement (g/day) is estimated as 720 + 750 = 1470. 

In the French system, the net requirement is taken to be 24 g/kg for the first 3 
months of lactation and 21 g/kg thereafter. Protein values of foods are stated in 
terms of MADC (matiéres azotés digestibles cheval). The MADC is the protein truly 
digested in the small and large intestine and is calculated as k x DCP, where k = 1.0, 
0.9, 0.85, 0.80 and 0.70 for concentrate foods, green forages, grass hay, barley straw 
and grass silage, respectively. The DCP requirements would then be 2.8, 3.1, 3.3, 3.5 
and 4.0 g DCP/kgW°”, respectively, for the five types of food above. 

The amino acid balance in the protein is considered by NRC (2007) to be the sum 
of that required for maintenance and milk production. Lysine requirements for main- 
tenance are 4.3 per cent of CP requirements and lactation requirements are 3.3 g/kg 
milk. For a 500 kg mare producing 15 kg of milk per day, total lysine requirements 
(g/day) are: 


(0.043 x 1.44W) + 3.3Y = 31 + 49.5 = 80.5 


Mineral requirements 
Maintenance 


Endogenous losses of the major minerals, which represent the net requirements for 
maintenance, are: 

Calcium = 20 mg/kg W/day 

Phosphorus = 10 mg/kg W/day 

Magnesium = 6 mg/kg W/day 
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Milk production 


The mineral composition of mare’s milk varies with stage of lactation. For the pur- 
pose of estimating dietary requirements, the following values are acceptable: 


Months 1-3 of lactation Months 4-6 of lactation 
Calcium (g/kg) 1.2 0.8 
Phosphorus (g/kg) 0.75 0.50 
Magnesium (g/kg) 0.09 0.045 


Efficiency of absorption is 0.5 for calcium, 0.45 for phosphorus and 0.40 for 
magnesium. 


Vitamin requirements 


Only limited data are available on the vitamin requirements of horses, and definitive 
statements are not possible at this time. Table 16.21 gives some tentative minimum 
levels considered to be sufficient to allow normal functioning of the animal and 
maximum levels designed to avoid toxicity. 

The calculation by the NRC system of the requirements for a 500 kg mare pro- 
ducing 15 kg of milk is illustrated in Box 16.14. 


Table 16.21 Suggested minimum and maximum allowances of 
some vitamins for lactating mares 


Minimum Maximum 
Vitamin A (iu/kg W/day) 30-60 300 
Vitamin D (iu/kg W/day) 10 44 
Vitamin E (iu/kg W/day) 2 20 
Vitamin C (mg/kg W/day) Unknown 20 


After National Academy of Sciences/National Research Council 1989 Nutrient Require- 
ments of Horses, 5th rev. edn, Washington, DC, NRC. 


BOX 16.14 Calculation of the nutrient requirements of a 500 kg mare producing 16 kg 
of milk in early lactation 


DEn (MJ/day) = 0.152W = 76 
DE, (MJ/day) = 16 X 2.09/0.6 

DE, (MJ/day) = 76 + 55.7 

CP, (g/day) 1.44 x 500 

CP, (g/day) 50 x 16 

CP m (g/day) = 720 + 800 

Lysine (g/day) (0.043 x 1.44 x 500) + 3.3 x 16 

Calcium (g/day) = (0.02 x 500 + 1.2 x 16)/0.5 

Phosphorus (g/day) = (0.01 x 500 + 0.75 x 16)/0.45 

Magnesium (g/day) = (0.006 x 500 + 0.09 x 16)/0.40 
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SUMMARY 


le 


Lactation is a major physiological and bio- 
chemical undertaking. 


. The net requirements for milk production are 


dependent upon the amounts of nutrients 
secreted in the milk, and therefore upon milk 
yield and composition. In addition to a produc- 
tion requirement, a lactating animal may have 
an increased maintenance requirement. 


. If the efficiency with which a dietary nutrient 


is used to provide the net requirements is 
known, then the dietary requirement may be 
calculated as the net requirement divided by 
the efficiency of dietary nutrient utilisation. 


. Qualitatively the milks of farm animals are al- 


most identical in composition, consisting of 
water, fat, protein, lactose and mineral matter 
(dominated by calcium and phosphorus). 


. The constituents of milk either are absorbed 


directly from the blood or are synthesised in 
the mammary gland from raw materials ab- 
sorbed from the blood. In either case they 
originate in the food of the animal. 


. The yield and composition of milk vary with 


species, breed, strain within the breed, age 
and stage of lactation. 


. Values for the efficiency of utilisation of 


metabolisable energy for maintenance and for 
milk production are related to the energy con- 
centration of the diet and are very similar. 


. Concentrate foods added to the diet rarely 


bring about the expected response in milk 
yield, because they cause a concomitant 
decrease in roughage intake, which is greater 
for high- than for low-quality roughages. Ad- 
ditionally, the extra concentrate increases the 
proportion of propionate in the rumen volatile 
fatty acids and the response is negatively curvi- 
linear in the case of milk yield and positively so 
for liveweight gain. 


. High energy intakes must include a certain 


level of roughage in the diet if an acceptable 
rumen fermentation is to be maintained and 

problems of acidosis, reduced intake and low- 
fat milk are to be avoided. 


10. 


11. 


12. 


13. 


14. 


15. 


Summary 


Reduction of food intake has a profound 
effect on both the yield and the composition 
of milk. In extreme cases yield may be re- 
duced to very low levels in a matter of days. 
Limitation of the energy of the diet leads 

to a reduction in milk protein content, proba- 
bly because of diversion of amino acids to 
gluconeogenesis. 


The production of low-fat milk has tradition- 
ally been explained by a lack of coarse 
roughage in the diet resulting in lower 
acetate and higher propionate production in 
the rumen. This ruminal volatile fatty acid 
profile reduces mammary supply of acetate 
for milk fat synthesis and/or increases body 
fat deposition. More recently, intermediaries 
in the biohydrogenation of polyunsaturated 
fatty acids in the rumen have been proposed 
as the main mechanism controlling milk fat 
reduction. 


Protein requirements for ruminant animals are 
stated in terms of metabolisable protein, and 
protein supply to rumen microbes are ex- 
pressed in terms of effective rumen-degrad- 
able (ERDP) protein or effective 
rumen-degradable nitrogen (EDN). 


Maintenance energy requirements of lactat- 
ing ewes and goats are related to metabolic 
body weight, with an additional allowance 
for activity, which is least for animals kept in- 
doors and greatest for those on the hill in 
harsh climatic conditions. Their yield of milk 
will depend mainly upon breed, stage of lac- 
tation and litter size. Energy and protein con- 
tent are chiefly a reflection of stage of 
lactation and breed. 


The fat content of sow’s milk rises to about 
the third week of lactation and falls there- 
after. Protein falls in early lactation and then 
rises towards the end. 


Milk yield in the sow varies with age, litter 
size and breed, with modern hybrid animals 
being especially productive. Energy require- 
ments may be based on the conversion of 
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16. 


17. 


18. 
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dietary energy to milk energy with an effi- 
ciency of about 0.45. 


Sows rely heavily upon the mobilisation of 
body reserves to satisfy the demands of milk 
production. Current thinking favours high 
dietary energy intakes at this time to min- 
imise weight loss. Energy inputs during 
pregnancy are restricted to avoid loss of 
appetite in the subsequent lactation. 


Dietary protein is the sole source of essen- 
tial amino acids for the sow. Diets are 
usually formulated to standardised ileal 
digestible lysine, with the proportions of 
the other acids to lysine being kept the 
same as those in the ideal protein. 


The milk yield of the mare is related to body 
weight and stage of lactation. 


QUESTIONS 


16.1 Calculate the daily metabolisable energy requirements of a dairy cow weighing 
625 kg, yielding 33 kg milk with 39 g/kg fat, and losing 0.5 kg/day on a diet 


19. 


20. 


21. 


The gross energy of mare's milk falls to about 
day 12 of lactation and shows little change 
from about 2.1 MJ/kg thereafter. Energy re- 
quirements are stated as digestible energy 
(US NRC) or as net energy. In the French net 
energy system, the unit used is the UFC (unité 
fouragére cheval), equal to 1 kg of standard 
barley (9.42 MJ/kg). 


The mare's protein requirement for mainte- 
nance is related to metabolic liveweight and 
breed. Production requirement depends pri- 
marily on stage of lactation. 


Dietary protein requirements are stated in 
terms of crude protein or as MADC (matières 
azotés digestibles cheval), the protein truly 
digested in the intestine. 


having a qm = 0.62, using AFRC (1993) and Feed into Milk (2004). 


16.2 


DM per day). 
16.3 


Calculate the daily metabolisable protein requirements of a dairy cow weigh- 
ing 625 kg, yielding 33 kg milk with 39 g/kg fat and 33 g/kg protein, and 
losing 0.5 kg/day using AFRC (1993) and Feed into Milk (2004) (predicted 
digestible microbial true protein production = 1100 g/day and eating 20 kg 


Calculate the daily metabolisable energy and metabolisable protein require- 
ments of a 55 kg hill ewe in the third week of lactation, suckling one lamb and 


receiving a diet of qm of 3.55 and losing 100 g W/day. 


16.4 


Calculate the net energy and digestible energy requirements of a 200 kg sow 
producing 11 kg of milk per day and mobilising 0.25 kg of body lipid. If the 
sow was consuming 8.0 kg of feed per day, what would the net energy and 


digestible energy concentrations be (MJ/kg)? 


16.5 


Calculate the daily ileal digestible lysine and dietary lysine requirements of a 
200 kg sow producing 11 kg of milk per day and mobilising 0.25 kg of body 
lipid. If the sow was consuming 8.0 kg of feed per day, what would the ileal 


digestible lysine and and dietary lysine concentrations be (g/kg)? 


16.6 


lactation. 


Calculate the digestible energy, crude protein, lysine, calcium and phospho- 
rus requirements for a 600 kg mare producing 15 kg of milk per day in early 
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Voluntary intake of food 


17.1 Food intake in monogastric animals 
17.2 Food intake in ruminants 

17.3 Food intake in horses 

17.4 Prediction of food intake 


In previous chapters attention has been concentrated on the energy and nutrient 
requirements of farm animals for maintenance and various productive processes. An 
additional important factor that must be considered is the quantity of food that an animal 
can consume in a given period of time. The more food an animal consumes each day, 
the greater will be the opportunity for increasing its daily production. An increase in 
production that is obtained by higher food intakes is usually associated with an increase 
in overall efficiency of the production process, since maintenance costs are decreased 
proportionately as productivity rises. There are, however, certain exceptions to the gen- 
eralisation; for example, with some breeds of bacon pigs, excessive intakes of food lead 
to very fat carcasses, which are unacceptable to the consumer and therefore economi- 
cally undesirable. 

Feeding is a complex activity that includes such actions as the search for food, recog- 
nition of food and movement towards it, sensory appraisal of food, the initiation of eat- 
ing and ingestion. In the alimentary tract the food is digested and the nutrients are 
then absorbed and metabolised. All these movements and processes can influence food 
intake on a short-term basis. In addition it is necessary to consider why, in most mature 
animals, body weight is maintained more or less constant over long periods of time, 
even if food is available ad /ibitum. Thus, the concepts of short- and long-term control 
of food intake must be considered, the former being concerned with the initiation and 
cessation of individual meals and the latter with the maintenance of a long-term energy 
balance. Although many of these control systems are thought to be similar in all classes 
of farm animals, there are important differences between species that depend mainly 
on the structure and function of the digestive tract. 

Control mechanisms for the food intake of farm animals can be envisaged as operat- 
ing at three levels. At the metabolic level, concentrations of nutrients, metabolites or 
hormones may stimulate the nervous system to cause the animal to start or stop feeding. 
At the level of the digestive system, the quantities of digesta may determine whether or 
not the animal ingests more food. Finally, external influences such as climatic variables 
and the ease with which food can be ingested will also influence food intake. In 
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17.1 


monogastric animals fed on concentrated foods and protected from adverse environ- 
mental features, control is primarily at the metabolic level. As diets become more fibrous, 
control shifts to the digestive system, and in ruminants that are not grazing this is usually 
the operative level. For grazing ruminants, environmental factors assume greater impor- 
tance and may be the determinants of intake. The first part of this chapter is concerned 
with monogastric animals and the second with ruminants (including grazing animals). 
Finally, consideration is given to factors influencing intake in horses. 


FOOD INTAKE IN MONOGASTRIC ANIMALS 


Control centres in the central nervous system 


Feeding in mammals and birds is controlled by centres in the hypothalamus, situated 
beneath the cerebrum in the brain. It was originally proposed that there were two 
centres of activity. The first of these was the feeding centre (lateral hypothalamus), 
which caused the animal to eat food unless inhibited by the second, the satiety 
centre (ventromedial hypothalamus), which received signals that the body as a result 
of consumption of food. Quite simply it was considered that the animal would 
continue to eat unless the satiety centre received signals that inhibited the activity 
of the feeding centre. There is little doubt that this is an oversimplification and, although 
the hypothalamus does play an important role in intake regulation, it is now believed 
that other areas of the central nervous system are also involved. 


Short-term regulation 
Chemostatic theories 


The release of nutrients from foods in the digestive tract, their absorption and passage 
via the portal system to the liver, and their presence in circulating blood all provide 
opportunities for nutrients to signal their presence to the satiety centre of the hypo- 
thalamus. According to chemostatic theory, the rise in concentration at these sites of 
some critical substance sends a signal to the brain to cause the animal to stop eating, 
and a fall in concentration causes the animal to start eating. Earlier studies concen- 
trated on blood glucose concentration. Small doses of insulin, which lower the 
concentration of glucose in blood, cause an animal to feel hungry and hence to start 
eating. It is also known that the blood glucose level rises after a meal and then falls 
slowly. It has been suggested that glucoreceptors, perhaps located in the hypothala- 
mus itself, monitor either the absolute concentration of glucose in blood or the dif- 
ference in concentration between arterial and venous blood. More recent studies 
have investigated receptors located closer to the point of origin of glucose (and other 
nutrients), in the gut and liver, which could evoke a faster response to the ingestion 
of food. Thus, glucose infused into the intestine or the hepatic portal system causes a 
greater reduction in intake than glucose infused into the peripheral circulation. 
Glucose in the duodenum has been shown to generate signals that are transmitted 
neurally and may cause the flow of digesta from the stomach to be retarded, hence 
reducing food intake. Another possible means of communication between the gut 
and the brain is provided by the peptide hormone cholecystokinin (CCK); this is re- 
leased into the gut when digestive products such as amino acids and fatty acids reach 
the duodenum (see p. 161) and is known to act on the hypothalamus. Intravenous 
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injection of CCK has been shown to reduce food intake in chickens, decrease giz- 
zard motility and stimulate muscular activity in the duodenum, whilst in pigs it is 
thought to restrict the pylorus in the stomach, therefore restricting the passage of 
food. Other gut hormones such as ghrelin and somatostatin also play a role in 
controlling food intake via their effects on the hyopthalamus. In the liver, glucose 
and other nutrients that are oxidised in that organ are believed to send signals via 
the vagus nerve that eventually reach the hypothalamus. 

The short-term control of intake in the fowl does not seem to be influenced to the 
same extent by blood glucose or other nutrients, and it appears that signals are 
received directly from the crop, as is explained later. 


Thermostatic theory 


This theory proposes that animals eat to keep warm and stop eating to prevent hy- 
perthermia. Heat is produced during the digestion and metabolism of food, and it is 
considered that this heat increment could provide one of the signals used in the 
short-term regulation of food intake. It has been established that there are thermo- 
receptors, sensitive to changes in heat, present in the anterior hypothalamus and also 
peripherally in the skin, but experiments involving the heating or cooling of the 
hypothalamus have not induced consistent changes in food intake. However, at a 
practical level (as mentioned in Chapter 14), a high environmental temperature 
causes animals to reduce their heat production by eating less. 


Long-term regulation 


The long-term preservation of a relatively constant body weight, combined with an 
animal’s desire to return to that body weight if it is altered by starvation or forced 
feeding, implies that some agent associated with energy storage acts as a signal for the 
long-term regulation of food intake. One suggestion is that this might be fat deposition. 
Studies with poultry tend to support this lipostatic theory of regulation. Cockerels 
forced to eat twice their normal intake of food deposited fat in the abdomen and liver. 
When force-feeding was stopped the birds fasted for 6-10 days, and when voluntary 
feeding recommenced food intake was low. It was evident from these studies that the 
birds lost weight when force-feeding ceased, and tissue fat concentration decreased to 
levels approaching normal after 23 days. In pigs, it would appear that any feedback 
mechanism from body fat to the controlling centres of feeding is not as sensitive as that 
in poultry and other animals. This insensitivity may have arisen through early genetic 
selection for rapid weight gain, when excessive carcass fat was not considered, as it is 
today, an undesirable characteristic. The natural propensity of the modern pig to fatten 
is usually counteracted in practice by restricted feeding and also by selection of pigs 
with a smaller appetite. The role of fat depots in the regulation of food intake has 
recently been confirmed by the discovery of the hormone leptin (Box 15.1). 


Sensory appraisal 


The senses of sight, smell, touch and taste play an important role in stimulating ap- 
petite in man and in influencing the quantity of food ingested at any one meal. It is 
a common assumption that animals share the same attitudes to food as man, but it is 
now generally accepted that the senses play a less important role in food intake in farm 
animals than they do in man. 
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BOX 17.1 The role of leptin in controlling intake and performance 


Leptin is a single-chain polypeptide containing 146 amino acids. This polypeptide is secreted by 
white adipose tissue and acts on the hypothalamus, where it suppresses the release of neuropep- 
tide Y, a potent stimulant of food intake. Leptin therefore reduces food intake and increases 
physical activity and thermogenesis, probably through uncoupling ATP generation in the mito- 
chondria. Its discovery arose from the study of mice that were hyperphagic and therefore obese, 
and that lacked the gene for leptin. When these mice were treated with leptin, their food intake 
was reduced to normal levels. Further experiments with other species, including farm animals, 
have shown that injecting leptin into individuals with no genetic deficiency of the hormone has 
less dramatic effects than in the obese mice. Nevertheless, leptin is regarded as a key element in 
the feedback control of food intake. For example, in pigs, intracerebroventricular injection of lep- 
tin reduces food intake by up to 90 per cent, whilst pregnant sows with high back fat levels of 
over 25 mm have serum leptin concentrations of 5 ng/ml and intakes some 20 per cent lower than 
sows with back fat levels of less than 20 mm and serum leptin concentrations of 3 ng/ml. It may 
appear unusual to consider the importance of a hormone that reduces food intake, but leptin 
provides the first link between the peripheral blood supply and the central nervous system that 
regulates long-term energy balance. 

Leptin also has direct effects on a number of other factors influencing animal production. For ex- 
ample, leptin reduces fat deposition in adipose tissue, where it suppresses the expression of acetyl- 
CoA carboxylase, the rate-limiting enzyme involved in fat synthesis. Leptin also has direct effects 
on the reproductive system, where it induces the release of follicle-stimulating hormone and 
lutenising hormone from the anterior pituitary. Its effects on reproduction and embryonic develop- 
ment are broad and include factors such as inducing puberty, especially in thinner animals, and 
shortening the interval from parturition to oestrus. 


The term ‘palatability’ is used to describe the degree of readiness with which a 
particular food is selected and eaten, but palatability and food intake are not syn- 
onymous. Palatability involves only the senses of smell, touch and taste. Most do- 
mestic animals exhibit sniffing behaviour, but the extent to which the sense of 
smell is necessary in order to locate and select foods is difficult to measure. A va- 
riety of aromatic substances, such as dill, aniseed, coriander and fenugreek, are 
frequently added to animal foods. The inference is that the odour from these 
spices makes the food more attractive and hence increases intake. Although tran- 
sitory increases in food intake may occur, the effects of these additives have yet to 
be convincingly demonstrated to be long-lasting in terms of overall increased 
food intake. 

Similarly, with the sense of taste, most animals show preferences for certain foods 
when presented with a choice. Typical is the preference of young pigs for sucrose 
solutions rather than water. The fowl is indifferent to solutions of the common sugars 
but finds xylose objectionable, and it will not ingest salt solutions in concentrations 
beyond the capacity of its excretory system. Every species studied has shown consid- 
erable individual variability; for example, in a litter of pigs tested with saccharin 
solutions of different concentrations, some animals preferred high levels of the 
sweetener whereas others rejected them. 
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Physiological factors 


The classical experiments of E F Adolph in 1947 demonstrated that when the diets of 
rats were diluted with inert materials to produce a wide range of energy concentra- 
tion, the animals were able to adjust the amount of food eaten so that their energy 
intake remained constant. This concept that ‘animals eat for calories’ has also been 
shown to apply to poultry and other non-ruminant farm animals. The manner in 
which chicks respond to diets of differing energy content is illustrated in Table 17.1, 
in which a normal diet containing 8.95 MJ productive energy (or about 13.2 MJ 
metabolisable energy) per kilogram was ‘diluted’ with increasing proportions of a 
low-energy constituent, oat hulls. The most diluted diet had an energy concentration 
that was only half that of the original and much lower than the range normally expe- 
rienced by chicks. The chicks responded by eating up to 25 per cent more food, but 
even so energy intake declined by up to 29 per cent. If the energy content of a diet 
is increased by the addition of a concentrated source of energy such as fat, then 
chicks respond in the opposite way. They eat less, but the reduction in intake may be 
insufficient to prevent a rise in energy intake. Where extensive diet dilution is carried 
out, by using low-digestibility materials, the ability to adjust the intake may be over- 
come because gastrointestinal capacity becomes a limiting factor. The crop appears 
to be concerned with intake in the fowl, since cropectomised birds eat less than nor- 
mal when feeding time is restricted. Inflation or introduction of inert materials into 
the crop is known to cause a decrease in food intake. In mammals, distension and 
tension receptors have been identified in the oesophagus, stomach, duodenum and 
small intestine. Distension in these areas of the tract increases the activity in the 
vagus nerve and in the satiety centre of the hypothalamus. 

Experiments similar to that shown in Table 17.1 have been made with pigs and 
show the same picture. In the mid-range of energy concentration, pigs can compensate 


Table 17.1 The effects of reducing the energy content of the diet on the food and 
energy intakes of chicks and on their growth 


Diet no 
1 2 3 4 5 
Energy content of diet 
Productive energy (MJ/kg) 8.95 7.91 6.82 5.73 4.64 
Metabolisable energy (MJ/kg) 13.18 11.59 10.21 8.91 7.45 
Metabolisable energy 
(percentage of diet no. 1) 100 88 78 68 57 
Performance oí chicks to 11 weeks 
of age (percentage of result for diet no. 1) 
Total food intake 100 101 113 117 125 
Total metabolisable energy intake 100 90 88 80 71 
Liveweight gain 100 99 102 98 98 
Fat content of carcass at 11 weeks of 
age (percentage of dry matter) 
(Male chicks only) 26.8 23.2 21.1 18.1 16.1 


After Hill F W and Dansky L M 1954 Poultry Science, 33: 112. 
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for variations in concentration, but with low-energy diets (e.g. containing 9 MJ 
DE/kg), compensation is incomplete and energy intake is reduced. Conversely, if the 
energy content of diets is increased to 15 MJ DE/kg by the addition of fat, pigs fail 
to reduce their food intake proportionately and energy intake increases. For pigs, 
as for poultry, it has been suggested that energy intake with low-energy diets is 
restricted by gut distension. It has also been suggested that high-energy diets tend to 
be ‘overeaten’ because they fail to provide sufficient bulk. 

The general relationship between food intake and energy requirement suggests 
that, as with energy, intake should vary not directly with liveweight but should 
vary with metabolic liveweight (W°-”°). This relationship is generally held to exist, 
although it may vary with the physiological state of the animal. For example, lactation 
is usually associated with a marked increase in food intake, and in the rat at the 
peak of lactation, food intake may be nearly three times that of a non-lactating 
animal. In sows, the smaller the amount of food given during pregnancy, the 
greater is the amount consumed during lactation. If fed ad libitum on normal 
diets, pregnant sows overeat and become too fat, but their energy intake can be 
reduced by incorporating fibrous by-product foods, such as sugar beet pulp, in 
their diet. 

It would seem reasonable to assume that intake increases with exercise, and stud- 
ies with rats have shown that there is a linear relationship between food intake and 
the duration of exercise. However, the limited information on farm animals suggests 
that exercise reduces intake in the short term, possibly because of fatigue. 


Nutritional deficiencies 


Utilisation by the tissues of the absorbed products of digestion depends upon the ef- 
ficient functioning of the many enzymes and coenzymes of the various metabolic 
pathways, and dietary deficiencies of indispensable amino acids, vitamins and min- 
erals are likely to affect the intake of food. In poultry, severe deficiencies of amino 
acids reduce food intake whereas moderate deficiencies, insufficient to affect growth 
markedly, increase intake. When hens are given a diet containing high concentrations 
of calcium (30 g/kg), intake is about 25 per cent greater on egg-forming than on non- 
egg-forming days. This large variation does not occur when low-calcium diets are 
given with calcium being provided separately as calcareous grit. It would appear that 
laying hens ‘eat for calcium’; the hormone controlling their calcium intake appears 
to be oestradiol. The effects of specific deficiencies of trace elements, especially 
cobalt, copper, zinc and manganese, and also vitamins such as retinol, cholecalcif- 
erol, thiamin and B12 on appetite have already been dealt with in Chapters 5 and 6. 
Mammals do not need to develop a calcium appetite, because they regulate their 
calcium supply by varying absorption. 


Choice feeding 


Animals have precise nutritional requirements, but under natural conditions they are 
faced with a wide variety of foods to choose from, some of which are nutritionally 
inadequate. 

The domestic rat and mouse are known to regulate their intakes of foods to sat- 
isfy, as far as the properties of the foods allow, their requirements for energy, protein 
and certain other nutrients. In studies with farm animals, attention has concentrated 
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on poultry, and it has been demonstrated that the domestic fowl has specific ap- 
petites for calcium (as discussed above) and also for phosphorus, zinc, thiamin and 
various amino acids. 

It is possible to feed poultry on two separate dietary components, such as a whole 
cereal grain (e.g. whole wheat) and a balancer food that contains relatively high lev- 
els of amino acids, vitamins and minerals. This practice is known as choice feeding; it 
allows the birds to balance the energy/protein ratio of their overall diet.The balancer 
food is formulated so that equal proportions of the two foods are expected to be 
eaten; and because milling, mixing and pelleting costs are avoided for the whole 
cereal, total feeding costs can be reduced. The choice feeding system has been used 
successfully with large flocks of growing turkeys, but it has not proved consistently 
successful with broiler chickens and adult laying hens. The theory that poultry have 
a control system that allows them to choose suitable amounts of different foods to 
satisfy their nutritional requirements is regarded as being too simplistic, and other 
factors such as the physical form of ingredients, composition of the food, trough 
position and previous experience are also likely to be involved. 

As early as 1915,T M Evvard, in the USA, reported that pigs were able to choose 
a satisfactory diet when given access to several foods, and that as they grew they 
changed the proportions of the foods selected to maintain a suitable balance between 
protein and energy. The pigs required a period of familiarisation with the foods in 
order to be able to associate some of their properties with their nutritional effects. 
Recent investigations have confirmed the ability of pigs to select a diet of suitable 
protein content when given a choice between pairs of foods differing in protein con- 
tent. Table 17.2 shows that when offered pairs of foods ranging in protein content 
from 125 g/kg to 267 g/kg, four out of six groups of pigs (groups 2-5) were able to 
select the proportions giving the appropriate protein concentration for their overall 
diet of about 200 g/kg. The first group was offered foods that were both too low in 
protein to allow the correct selection, and the last group was given foods that both 
had protein concentrations higher than the desired level. Related experiments have 
shown that choice-fed pigs reduce the protein content of their selected diet as their 
protein requirements decline with increasing liveweight. Furthermore, pigs with the 
genetic capacity to grow more lean tissue (intact males of breeds selected for bacon 
production) select diets higher in protein content. 


Table 17.2 Diet selection of young pigs offered a choice of foods differing in 
crude protein content 


Group no. Protein content Food intake Proportions of Protein content 
(g/kg) of food (g/day) foods 1 and 2 of overall diet 
1 2 (g/kg) 
1 125 174 1106 29:71 160 
2 125 213 1013 6:94 208 
3 125 267 1055 44:56 204 
4 174 213 1028 31:69 202 
5 174 267 1076 66:34 205 
6 213 267 1054 98:2 218 


Adapted from the data of Kyriazakis |, Emmans G C and Whittemore C T 1990 Animal Production 51: 189. 
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17.2 


FOOD INTAKE IN RUMINANTS 


Although food intake can be controlled at the metabolic level in ruminants, the sig- 
nals are likely to be different from those in monogastric animals. The amount of glu- 
cose absorbed from the digestive tract of the ruminant is relatively small and blood 
glucose levels show little relation to feeding behaviour. It would therefore seem un- 
likely that a glucostatic mechanism of intake control could apply to ruminants. A 
more likely chemostatic mechanism might involve the volatile fatty acids absorbed 
from the rumen. Intraruminal infusions of acetate and propionate have been shown 
to depress intake of concentrate diets by ruminants, and it is suggested that receptors 
for acetate and propionate occur on the luminal side of the reticulo-rumen. Infusions 
of these acids into the hepatic portal vein also reduce intake, apparently via signals 
sent from the liver to the hypothalamus. Butyrate seems to have less effect on intake 
than acetate or propionate, probably because butyrate is normally metabolised to 
acetoacetate and B-hydroxybutyrate by the rumen epithelium. With diets consisting 
mainly of roughages, infusions of volatile fatty acids have had less definite effects on 
intake. As mentioned above, in ruminants on such diets, control of intake appears 
to be exercised at the level of the digestive system, and features of the food have an 
important influence on intake. 


Food characteristics that determine intake 


Ruminants are adapted to the utilisation of what may be termed ‘bulky’ foods, but 
they may nevertheless have difficulty in processing such foods. Rumination and 
fermentation are relatively slow processes, and fibrous foods may have to spend a 
long time in the digestive tract for their digestible components to be extracted. If 
foods and their indigestible residues are detained in the digestive tract, the animal’s 
throughput — and hence its daily intake — will be reduced. In many feeding situa- 
tions, intake seems to be restricted by the capacity of the rumen, with stretch and 
tension receptors in the rumen wall signalling the degree of ‘fill’ to the brain, but what 
constitutes the maximum - and hence critical — ‘fill’ of the rumen is uncertain. The 
notion that voluminous, ‘bulky’ foods, such as hay and straw, will fill the rumen to a 
greater degree than concentrates has received some support, although after being 
chewed, the voluminous foods are not as ‘bulky’ as they are in the trough. Another 
concept of rumen fill is that animals eat to maintain a constant amount of dry matter 
in the rumen; again, there is some experimental evidence for this, although there are 
some foods (e.g. some types of silage) that do not promote as great a fill of dry matter 
as other foods. There is also doubt about the contribution of water to rumen fill. 
Water-filled balloons in the rumen, which reduce its effective volume, will reduce 
food intake, but water added to food does not have this effect. However, there is 
some evidence that foods with a particularly high content (about 900 g/kg) of water 
bound within plant tissues promote a lesser dry matter intake than comparable 
foods of lower water content. 

It has long been recognised that in ruminants there is a positive relationship be- 
tween the digestibility of foods and their intake. A simple and early example of this 
relationship is shown in Fig. 17.1, which is derived from experiments in which sheep 
were fed to appetite on various roughages as the sole item of diet. Intake more than 
doubled as the energy digestibility of the food increased from 0.4 (oat hay; the lowest 
point on the graph) to 0.8 (artificially dried grass; the highest point). 
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Fig. 17.1 Food consumption and digestibility in sheep fed on roughages. 


After Blaxter K L, Wainman F W and Wilson R S 1961 Animal Production 3: 51. 


A range in digestibility like that in Fig. 17.1 can also be created by taking a single 
roughage and supplementing it with increasing proportions of highly digestible con- 
centrates; in these circumstances there is also a positive relationship between intake 
and digestibility in ruminants (which contrasts with the negative relationship shown 
for a monogastric species in Table 17.1). The effect on intake of adding a concentrate 
supplement to a roughage depends on the digestibility of that roughage. If its di- 
gestibility is low (e.g. cereal straw with dry matter digestibility of 0.4) total intake 
will be increased more than if its digestibility is high (e.g. young grassland herbage, 
0.8). To put this another way, concentrate added to roughage of low digestibility 
tends to be eaten in addition to the roughage, but when added to roughage of high 
digestibility it tends to replace the roughage. This rate of replacement of forage by 
the concentrate is often referred to as the substitution rate. 

The examination of relationships of the kind illustrated in Fig. 17.1 has shown 
that intake is actually more closely related to the rate of digestion of diets than to 
digestibility per se, although the two last measures are generally related to one 
another. In other words, foods that are digested rapidly, and are also of high digestibil- 
ity, promote high intakes. The faster the rate of digestion, the more rapidly the diges- 
tive tract is emptied, and the more space is made available for the next meal. The 
primary chemical component of foods that determines their rate of digestion is neu- 
tral-detergent fibre (NDF), which is itself a measure of cell wall content; thus, there 
is a negative relationship between the NDF content of foods and the rate at which 
they are digested. 

One consequence of the relationships just described is that foods that are equal in 
digestibility but differ in NDF (or cell wall) content will promote different intakes. 
An example is provided by the two families of pasture plants: grasses and legumes. 
At equal digestibility, legumes contain less cell wall (and hence more cell contents) 
and are consumed in quantities about 20 per cent greater than grasses. Another dif- 
ference between legumes and grasses is that in the former lignification is restricted to 
the vascular bundles, whereas in grasses the lignin is more widely distributed and 
has a greater inhibitory effect on rate of digestion. 
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Table 17.3 The effects on dry matter intake and digestibility of grinding and 
pelleting roughage-based diets for sheep and cattle (mean values for three diets) 


Measures Species Form of roughagea Percentage difference 
Long Pelleted 
Intake (g/kg W 9:75 Sheep 56.8 82.4 +45 
per day) Cattle 81.8 90.7 +11 
Digestibility Sheep 0.672 0.586 —13 
Cattle 0.699 0.569 —19 


aThe diets were dried grass, barn-dried hay and a mixture of 60 per cent hay and 40 per cent 
barley. For each diet the roughage was either ground and pelleted or left unprocessed (‘long’). 


Adapted from Greenhalgh J F D and Reid G W 1973 Animal Production 16: 223. 


Although rate of digestion and intake are related to the concentration of cell walls 
in ruminant foods, the physical form of the cell walls also affects intake. The mechan- 
ical grinding of roughages partially destroys the structural organisation of cell walls, 
thereby accelerating their breakdown in the rumen and increasing food intake. This 
effect is illustrated in Table 17.3, which shows also that the increase in intake due to 
grinding and pelleting was achieved despite a reduction in digestibility. The fine 
particles produced in ground roughages pass rapidly out of the rumen, leaving room 
for more food but allowing some digestible material to escape undigested; this may 
be digested in the small intestine or — if cell wall — by fermentation in the caecum. We 
shall see later (Chapter 20) that chemical treatments of forages that disrupt the cell 
wall structure cause large increases in intake. Another example of the influence of 
cell wall structure comes from the comparison of intakes of the leaves and stems of 
pasture plants. Although the two components may be equal in digestibility, the 
cell walls in leaves are more easily broken down, so animals given leaves eat about 
40 per cent more dry matter per day than those offered stems. 

The breakdown of food particles in the rumen and its effect on intake has been 
the subject of much research. In practice it is possible, as explained above, to over- 
come the resistance of plant cell walls by mechanical or chemical treatment, but the 
processes involved are expensive, may have undesirable side effects (e.g. mechanical 
treatment reducing digestibility), and cannot be applied to grazed forages. In the 
longer term the aim is to identify new forage species or breed new varieties that are 
broken down more rapidly in the rumen. 

Nutrient deficiencies that reduce the activities of rumen microorganisms are liable 
to reduce food intake. The most common is protein or nitrogen deficiency, which 
may be corrected by supplementation with rumen-degradable protein or with a simple 
source of nitrogen such as urea. However, supplements of undegradable protein may 
also increase the intake of low-protein forages, either because the nitrogen of pro- 
tein digested post-ruminally is partially recycled to the rumen or because of the 
effect of protein on the animal’s tissue metabolism. Other nutrients whose deficien- 
cies are liable to restrict food intake in ruminants are sulphur, phosphorus, sodium 
and cobalt. 

There are some foods that are eaten in lesser quantity than would be expected 
from their digestibility or cell wall content. These include some types of silage, 
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particularly those with a high content of fermentation acids or those that have been 
badly fermented and hence have a high ammonia content (see Chapter 19). The 
physical form of the food may also be involved, as fine chopping of the silage — or of 
the grass from which the silage is made - will increase intake, possibly because it 
prevents the formation in the rumen of a dense mat of fibrous material. Sheep are 
more likely than cattle to have subnormal intakes from silages and respond more to 
having their foods (including silages) chopped or ground. As shown in Table 16.11 in 
Chapter 16, too fine a chop length may result in a rapid fall in ruminal pH and con- 
sequently reduce food intake. Attempts have been made to calculate the physically 
effective NDF content (peNDF) of forages based on their NDF content and particle 
size distribution measured using a series of sieves of different pore sizes. The most 
widely used system is that developed by workers at Pennyslvania State University in 
the USA. Such an approach appears to work effectively when relatively dry forages 
are used but has difficulty in dealing with the wide range in dry matter content of 
UK forages. 

Foods with intakes less than expected may also be labelled as ‘unpalatable’. As 
discussed earlier (see p. 464), the concept of palatability is not easily defined, but 
there is some evidence, obtained with low-quality roughages, that if some food is put 
directly into the rumen (via a cannula), then consumption by mouth is not decreased 
proportionately and the animal therefore digests more than it would voluntarily 
consume. Generally, however, palatability is not thought to be an important factor 
determining intake, except where the food is protected against consumption (e.g. by 
spines) or contaminated in some way (e.g. by excreta). 


Animal factors affecting intake in ruminants 


If the capacity of the rumen is a critical factor in determining the food intake of 
ruminants, then circumstances that change the relationship between the size of the 
rumen and the size of the whole animal are likely to affect intake. As ruminants of a 
given species grow, their food intake follows approximately the proportionality to 
metabolic body weight (W°-’°) referred to earlier. However, cattle have a greater 
intake per unit of metabolic body weight than sheep; for example, a growing steer 
(300 kg) on a diet containing 11 MJ ME/kg DM will consume about 90 g DM/kg 
W°:”> per day (6.3 kg DM per animal per day), whereas a growing lamb (40 kg) will 
consume only 60 g DM/kg W9-?5 per day (0.96 kg per animal). Intake seems to be 
related to fasting heat production, which is itself related to metabolic body weight 
(see Chapter 14) but is smaller per unit of metabolic body weight in sheep than in 
cattle. When animals become excessively fat, their intake tends to stabilise or, in 
other words, not to increase as body weight continues to increase. This may be due 
to abdominal fat deposits reducing the volume of the rumen, but it may also be a 
metabolic effect (i.e. lipostatic limitation of intake determined by the secretion of 
leptin). Conversely, in very lean animals, intake per unit of metabolic body weight 
tends to be high. This effect is seen in animals showing compensatory growth after a 
period of food restriction (see p. 380); it is also seen in ruminants chronically short 
of food, as in some developing countries, where animals appear to be constructed of 
skin and bone enclosing a large rumen. 

In pregnant animals, two opposing effects influence food intake. The increased 
need for nutrients for foetal development causes intake to rise. In the later stages of 
pregnancy, the effective volume of the abdominal cavity is reduced as the foetus 
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Fig. 17.2 Intake of gross energy and changes in milk production in lactating and 
non-lactating cows. 


After Hutton J B 1963 Proceedings, New Zealand Society for Animal Production 23: 39. 


increases in size, and so is the space available for expansion of the rumen during 
feeding. As a result, intake will be depressed, especially if the diet consists predomi- 
nantly of roughage. 

The increased intake in ruminants with the onset of lactation is well known. This 
increase is mainly physiological in origin, although there may also be a physical 
effect from the reduction in fat deposits in the abdominal cavity. There is a noticeable 
lag in the response of food intake to the increased energy demand of lactation. In 
early lactation, the dairy cow loses weight, which is replaced at a later phase of 
lactation when milk yields are falling while intakes of DM remain high. These 
changes are illustrated in Fig. 17.2 for lactating and non-lactating identical twin, 
Jersey cross-bred cows fed exclusively on fresh pasture herbage over a 36-week 
period. The intakes of gross energy by the lactating cows were about 50 per cent 
higher than those of the non-lactating animals. 


Environmental factors affecting the food intake of ruminants 


Grazing ruminants 


The intake of ruminants in their natural habitat (i.e. at pasture) is influenced not 
only by the chemical composition and digestibility (or rate of digestion) of the pas- 
ture herbage but also by its physical structure and distribution. The grazing animal 
has to be able to harvest sufficient herbage to meet its needs without undue expen- 
diture of energy. Its intake is determined by three factors — bite size (the quantity of 
dry matter harvested at each bite), bite rate (number of bites per minute) and grazing 
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time. For example, a grazing dairy cow (600 kg) has a maximum bite size of 0.6 g DM, 
grazes at 60 bites per minute and hence harvests at 36 g DM per minute, or 2.16 kg 
per hour. To achieve a reasonable intake of 16 kg DM per day it will therefore need to 
graze for 16/2.16 = 7.4 hours per day. Cows normally graze for about 8 hours per 
day, but sometimes for as much as 10 hours per day. In this instance, the cow should 
be able to achieve the necessary intake in a grazing time within the 8-hour period. 
For the cow to achieve maximum bite size and bite rate, the herbage must be suitably 
distributed. In general, relatively short (12-15 cm) and dense swards allow maximum 
bite size for cattle. Tall, spindly plants such as many tropical grasses restrict bite size 
because the animal is unable to get a mouthful of herbage at each bite. Low plant 
density (e.g. less than 1500 kg DM/ha for sheep) is also a restricting factor and may 
be exacerbated by the animal’s desire to graze selectively. Animals tend to prefer 
rapidly digested leaf to slowly digested stem, and also prefer green to dead material. 
Some plants may be rejected because they are rendered unpalatable by protective 
spines or by contamination with excreta. When given the choice between a pure 
sward of perennial ryegrass or white clover, sheep and cattle will consume approxi- 
mately 70 per cent of their daily DM intake as clover, with grass consumption being 
most evident in the evening. One possible explanation for this behaviour is to in- 
crease the intake of the more slowly digestible fibre in the evening in an attempt to 
increase gut fill and therefore avoid having to graze during the hours of darkness. 

In a good grazing environment with short, dense swards of highly digestible 
herbage, ruminants will consume as much dry matter as when food is offered to them 
in a trough, but in more difficult environments they often fail to achieve the intake of 
food that they are capable of digesting and metabolising. 


Other environmental factors 


Environmental temperature influences the intake of ruminants as it does of mono- 
gastric species. At temperatures below the thermoneutral zone (see p. 350), intake is 
increased, and at temperatures above the thermoneutral zone, intake is reduced. 
Well-fed ruminants have a broad thermoneutral zone, extending to quite low critical 
temperatures at the lower end (see Table 14.4 in Chapter 14). However, at the upper 
end (i.e. in hot climates), temperature can exert a strong influence on intake, espe- 
cially in more productive animals with a high nutrient demand. For example, for 
temperate (i.e. Bos taurus) breeds of cattle, it has been estimated that intake falls by 
2 per cent for every 1 °C rise in average daily temperature above 25 °C. 

Another feature of the environment that has an effect on intake is day length. This 
effect is most evident in deer, which reduce their food intake very severely as day 
length declines; where short days coincide with a shortage of food, the effect is a sur- 
vival mechanism to ensure that the limited supplies of food last through the critical 
period. Sheep also reduce their intake as days get shorter, but to a much lesser extent 
than do deer. Cattle seem not to be affected by day length. 

Ill-health can reduce the intake of both ruminants and non-ruminants. Contrary 
to popular opinion, infestations of gastrointestinal parasites tend to reduce intake, 
presumably because the interference with digestive function overrides any metabolic 
stimulus arising from a reduction in the absorption of nutrients. There is also evidence 
that stimulation of the animal’s immune system, as happens with parasite infestations, 
may be responsible for a reduction in food intake. Infestations with external parasites, 
such as ticks, also reduce intake. 
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17.3 


17.4 


FOOD INTAKE IN HORSES 


Many ot the principles affecting intake that have been discussed for ruminant and 
non-ruminant farm animals are relevant to horses. The digestive processes in the 
horse differ, however, to those in farm animals, with the absorption of glucose and 
amino acids occurring in the upper digestive tract and significant quantities of VFA 
being absorbed from fermentation of forages in the hind gut. In addition, most do- 
mesticated horses are now fed small volumes of high-energy feeds that are con- 
sumed relatively quickly, rather than large quantities of low-energy-density, 
high-fibre foods that are eaten over a long period of time. Like the situation with 
pregnant sows, this can lead to behavioural stereotypes and welfare issues. As a con- 
sequence, there has been a greater emphasis on factors influencing feeding behaviour 
in horses than on those influencing the control of feed intake and nutrient supply. 

Chemostatic control of intake in horses includes the influence of blood glucose. 
For example, intravenous infusion of glucose reduces voluntary food intake within 
10-15 minutes. Products of hind gut fermentation such as VFA are also involved, 
and intragastric infusion of low concentrations of VFA increases intake in ponies, 
whereas high concentrations are associated with a reduction in intake and a greater 
intermeal period. In general, though, horses appear less sensitive to metabolic feed- 
back than farm animals. 

Horses spend less time chewing than ruminants, although a horse with a full set of 
teeth is able to grind grains such as oats, barley and maize. It is still generally recom- 
mended that only oats should be left unprocessed. Similar to pigs and poultry, horses 
are able to adjust their intake to meet energy requirements, although voluntary intake 
can be greatly affected by the palatability and composition of the diet. For example, 
diluting the energy content of the diet fed to ponies with sawdust increases DM intake 
until gut fill is achieved. As a consequence, the fibre content of hay does not appear to 
have a major influence on intake, with an average daily intake value for mature horses 
of approximately 2 kg DM/100 kg body weight. Mature and young horses have a max- 
imal daily DM intake of approximately 3-3.2 kg/100 kg body weight, whereas ponies 
have a slightly higher value at 3.9 kg/100 kg body weight. 


PREDICTION OF FOOD INTAKE 


For both monogastric and ruminant species it is often necessary to be able to pre- 
dict intake. Animals are commonly fed to appetite, and it is not possible to predict 
their performance by the use of feeding standards without an estimate of intake. 
For pigs and poultry, prediction is relatively simple as it is based mainly on the 
characteristics of the animals involved (but it can become more complex in monogas- 
tric animals fed on fibrous foods). One simple equation used to predict the intake 
of growing pigs fed on a standard diet (13.2 MJ DE) is fresh weight intake (kg/day) = 
3.2[1 — exp(—0.019 W)], where W is the weight of the pig (kg). For a 35 kg pig, intake 
is predicted to be 1.55 kg/day; for a 90 kg pig, the corresponding value is 2.62 kg/day. 

For ruminants, prediction is much more difficult, as many food variables may 
have to be taken into account. For approximate predictions of intake there are some 
rules of thumb. Thus, the daily dry matter intake of beef cattle is often assumed to be 
about 22 g/kg liveweight, whereas that of dairy cows is higher, at about 28 g/kg in 
early lactation and 32 g/kg at peak intake (see Figure 17.2). 


Prediction of food intake 


An example of prediction equations for intake that may be used in conjunction 
with feeding standards is provided by the UK Agricultural Research Council's Techni- 
cal Committee on Responses to Nutrients, which constructed a series of equations for 
predicting the intake of grass silage by cattle (both dairy and beef) fed on silage and 
concentrates. The following is an example of the equations derived for beef cattle: 


SDMI = 24.96 — 0.5397CDMI + 0.1080SDM — 0.0264AN + 0.0458DOMD 


where SDMI = silage dry matter intake (g/kg W°-7> per day), CDMI = concentrate 
dry matter intake (g/kg W9:75 per day), SDM = silage dry matter content (g/kg), AN = 
silage ammonia nitrogen content (g/kg total N), and DOMD = digestible organic matter 
in silage dry matter (g/kg). 

Thus, this equation estimates that silage dry matter intake will be reduced by 
about 0.54 g for each 1 kg of concentrate dry matter consumed. In addition, intake 
of the silage is related to three measures of quality, two positively (dry matter con- 
tent and digestible organic matter content) and one negatively (ammonia nitrogen as 
a proportion of total nitrogen content). Other measures of silage quality employed 
in the equations were nitrogen content, butyric acid content and pH. Despite 
this degree of complexity, the most precise of the equations could account for only 
60-70 per cent of the variation in intake, and so their accuracy of prediction was 
limited. The UK Feed into Milk (FiM) intake equation for dairy cows is even more 
complicated than that described above for cattle. It accounts for around 93 per cent 
of the variation in intake for grass-silage-based diets but only 75 per cent for mixed 
forage diets. Additional factors in the equation include the forage intake potential 
(FIP; g/kg W°-”°), which is the intake potential of a forage when provided as the sole 
feed and is predicted from the near-infrared (NIR) spectrum of the forage. Other 
factors include the concentrate crude protein content (g/kg DM) and body condition 
score (scale 1-5). Intake is predicted to decrease by 1.1 kg/day with each unit 
increase in body condition score, which is consistent with the lipostatic control of 
feed intake described earlier. The inclusion of forage starch concentration (g/kg DM) 
in the equation reflects the increase in DM intake that is frequently seen when 
starchy forages such as maize or whole-crop wheat silages are included in dairy cow 
rations. For example, providing an equal mixture of grass silage and maize silage 
with 0 g/kg and 300 g/kg DM starch, respectively, is predicted to increase DM intake 
by approximately 1 kg DM/day compared with feeding grass silage alone. The full 
equation is detailed below: 


DM intake (kg/d) = —7.98 + 0.1033FIP — 0.00814 (FIP x CDMI) — 1.1185 CS 
+ 0.01896W + 0.7343CDMI — 0.00421(CDMD2 

+ 0.04767E; — 6.43(0.6916¥°!) + 0.007182 x FS 

+ 0.001988 (CCP x CDMI) 


where FIP = forage intake potential (g/kg W9-75), CDMI = concentrate DM intake 
(kg/day), CS = body condition score (1-5 scale), W = liveweight (kg), E, = energy 
output in the milk (MJ/day; see Chapter 16), WOL = week of lactation (constrained 
to a maximum of 10), FS = forage starch concentration (g/kg DM), and CCP = crude 
protein concentration in the concentrate (g/kg DM). 

The Australian Standing Committee on Agriculture has adopted a computer-based 
model called GRAZFEED to predict the intake of grazing ruminants. The animal fac- 
tors in this model include the animal’s current weight in proportion to its so-called 


475 


Chapter 17 Voluntary intake of food 


‘standard reference weight’ (SRW; see p. 366), body condition (i.e. fatness) and stage 
of lactation. The food factors include herbage digestibility and any supplementary 
foods. A correction is also made if the diet is deficient in rumen-degradable protein. 
Environmental factors in the model are the features of the pasture that determine 
the structure of the sward, and there are also adjustments of intake for climatic factors. 
Expressing an animal’s liveweight as a proportion of its SRW has a large influence on 
predicted intake. For example, a 400 kg steer that has reached its SRW (400 kg) is 
predicted to eat 5.9 kg per day of dry matter from good-quality pasture (dry matter 
digestibility 0.7), whereas a 400 kg animal of a larger breed that is only halfway 
towards its SRW (800 kg), and is therefore still growing, is predicted to eat 10.1 kg 
dry matter per day. 

For the Cornell net carbohydrate and protein system for predicting the require- 
ments of cattle, the intake of lactating cows is predicted from the net energy content 
of the food and the milk yield and milk fat content of the animal. Predicted values 
are then adjusted for six other factors: age, breed and body fat content of the cattle, 
the inclusion in the diet of any additives, the environmental temperature, and another 
component of the environment called ‘mud’. 


SUMMARY 


ik 
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Control mechanisms for food intake operate at 
the metabolic level (e.g. metabolite concentra- 
tions signalling the need to start or stop feed- 
ing) and at the level of the digestive system 
(e.g. signals from the degree of ‘fill’ of the 
rumen). In addition, intake is influenced by fea- 
tures of the environment such as temperature. 


. In monogastric animals, control is mainly meta- 


bolic. In the short term, blood concentrations 
of glucose and other nutrients may control in- 
take via the hypothalamus. In the longer term, 
fat depots send signals to the brain by the 
hormone messenger leptin. 


. The palatability of foods is not a major deter- 


minant of intake in farm animals, but it may 
be of more importance in horses. 


. When the energy content of foods is changed, 


animals attempt to keep their energy intake 
constant by changing food intake, but there 
are limits to the compensatory mechanism. 
Deficiencies of some specific nutrients, such as 
phosphorus, calcium, copper and thiamin, re- 
duce food intake. When given a choice of foods, 
animals are often able to select a diet with 
nutrient concentrations close to their needs. 


. Food intake in ruminants fed on high-energy 


diets is controlled metabolically, but in those 
fed on forages it is limited by the rate at which 
food can be digested in the rumen. Forages 
with a high content of cell walls (or neutral- 
detergent fibre) are digested slowly, are low in 
digestibility and promote low intakes. Disrupt- 
ing the cell walls of forages by mechanical or 
chemical treatment markedly increases intake. 


. Intake is related to metabolic weight (W?9'?5). In 


late pregnancy it is restricted by the foetus reduc- 
ing rumen volume, but it increases in lactation. 


. When animals are grazing, their intake may be 


restricted by the distribution of herbage (e.g. 
short herbage restricting bite size). Grazing 
animals prefer leaves to stems and may reject 
herbage that is dead or contaminated with 
excreta. 


. Low environmental temperatures cause 


increases in intake and high temperatures 
cause decreases. 


. For both monogastric and ruminant animals, 


there are equations for predicting intake from 
food composition and features of the animal 
and its environment. 


Further reading 


QUESTIONS 


17.1 Using the intake prediction equation for pigs provided on p. 474, what is the 
predicted intake for a growing pig of (a) 20 kg and (b) 75 kg? 

17.2 A beel animal weighing 350 kg is being fed 2.35 kg/day of concentrates and 
provided grass silage ad libitum. The grass silage has a dry matter content of 
250 g/kg, an ammonia-N content of 80 g/kg N and a DOMD value of 650 g/kg 
DM and the concentrates a dry matter content of 850 g/kg. From the equation 
provided on p. 474, what is the predicted silage DM intake in g/kg W°”, 
kg DM/day and kg fresh weight/day? 


17.3 Using the FiM intake equation provided on p. 475, predict the daily DM intake 
of a dairy cow weighing 600 kg, in body condition score 2.5, producing 30 kg 
of milk with a fat content of 40 g/kg and in week 8 of lactation. The cow is fed 
a basal ration of 50 : 50 grass silage and maize silage with a combined forage 
intake potential of 100 g/kg W 9:75 and starch content of 140 g/kgDM, and is 
fed 10 kg/day of a concentrate with a DM of 850 gDM/kg and a crude protein 
content of 250 g/kg DM. 


17.4 From the information provided for horses on p. 474, what is the predicted DM 


and fresh weight intake of a 550 kg horse offered hay with a DM content of 
850 g/kg? 
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PART 5 


The nutritional characteristics of foods 


This part provides details of the foods that are commonly given to animals, including their 
main nutrient content and factors that need to be taken into account when they are used in 
animal diets. 


Grass and forage crops form the basis of the diet of herbivores and are considered in Chapter 18. 


In order to supply food to animals throughout the year, forages and straws need to be har- 
vested at the appropriate time and conserved for feeding during the winter, when forage 
growth has declined. In some parts of the world, forages produced in the rainy season need to 
be conserved for feeding during the dry period. In recent years, the most popular method of 
conservation of grass has been as silage, and the ensilage process and nutritive value of the 
product are described in Chapter 19. 


The other major method of conservation of forages is by drying, either naturally in the field as 
hay or straw or artificially as dried grass or lucerne. These foods are the subject of Chapter 20. 


For ruminants, forages alone are not sufficient to achieve the levels of production required and 
for monogastric animals, such as pigs and poultry, most forages are not appropriate since their 
digestion relies on microbial fermentation in the gut. In these situations, concentrated sources 

of nutrients are required and these foods are covered in the remaining chapters in this part. 


The concentrated sources of energy in roots, tubers and cereals grains are described in 
Chapters 21 and 22. Many energy and protein crops are grown primarily for human consump- 
tion, but during their processing by-products are created that are used as animal foods. The 
by-products of cereal use by man are also considered in Chapter 22. Chapter 23 gives 

details of the major protein foods, both plant- and animal-derived, and specialist products 
such as synthetic amino acids and non-protein nitrogen sources. 


In addition to the main foods considered above, other materials are often added to the diets 
of animals in order to enhance the efficiency of nutrient use or modify conditions in the gut 
so that they are beneficial to the animal. These food additives are described in Chapter 24. 


18.1 


Grass and forage crops 


18.1 Pastures and grazing animals 
18.2 Grasses 

18.3 Legumes 

18.4 Other forages 


PASTURES AND GRAZING ANIMALS 


From a nutritional point of view, the simplest pastures are those created by sowing a 
single species of pasture plant, which may be a grass such as Italian ryegrass or a 
legume such as lucerne (alfalfa). These pastures have a limited life (1-4 years) and 
are described as temporary pastures. Sown permanent pastures normally include 
several species of both grasses and legumes. Natural grasslands have an even greater 
spread of species, which will include herbs and shrubs (some of which may be regarded 
as weeds). In this chapter we shall describe first the nutritional value of grasses 
(i.e. species of the Gramineae), and then the value of legumes (Leguminoseae). 
The chapter concludes with a description of special crops grown in association with 
pastures. 

The nutrition of the grazing animal is different from that of housed livestock, for 
several reasons. In the first place, its diet is variable. As indicated above, the variabil- 
ity may be due to the botanical composition of pastures. There is also variability 
over time, for different species may grow at different times of the year, and even a 
single species will change in composition and nutritive value as it grows to maturity. 
A second important feature of the grazing animal is that it has to spend time and en- 
ergy in harvesting its food. Thus, a cow consuming 15 kg of dry matter a day from a 
pasture yielding 1000 kg of dry matter per hectare must harvest an area of 150 m2 
per day with a mowing apparatus only 0.1 m wide. The diet of the grazing animal is 
therefore difficult to evaluate; moreover, even if its nutritive value is known, the op- 
portunities for correcting its deficiencies may be limited. 

At its best, pasture herbage is a food of high nutritive value for ruminants. For ex- 
ample, young, leafy herbage from a perennial ryegrass pasture may contain 12 MJ of 
metabolisable energy and 200 g crude protein per kilogram of DM, and be eaten in 
quantities sufficient for the needs of a dairy cow for maintenance and the production 
of 25 kg of milk per day. Unfortunately, the nutritive value of herbage often falls far 
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18.2 


below its optimum; soil and climate may be unsuitable for growing the most nutri- 
tious pasture plants, and the grazing management system employed may fail to 
ensure that herbage is consistently grazed at the stage of growth when its nutritive 
value is at its highest. In many grazing situations, the herbage barely supplies the 
maintenance needs of the animal. Achieving the optimal nutrition of grazing animals 
is a continuing challenge for nutritional scientists and farmers. 


GRASSES 


Pattern of growth 


In cold and temperate climates, grass starts to grow in the spring when soil temper- 
atures reach 4-6 °C. From then on, the pattern of growth is very much the same, 
irrespective of species or cultivar. There is a rapid production of leaf, followed by 
an increase in the growth of the stem, leading to the ultimate emergence of the 
flowering head and, finally, to the formation of the seed. As the grass grows in the 
spring, the concentration of DM in the crop increases, at first slowly and then more 
rapidly as the stems grow and the ears emerge and, finally, more slowly as the ears 
begin to ripen. 

In hot climates, soil temperature is likely to be high enough to allow grass growth 
throughout the year, but growth is commonly restricted by lack of water. Where the 
climate is characterised by clearly defined wet and dry seasons, grass growth is very 
rapid during a warm wet season, but as the soil dries out the herbage matures and 
dies, leaving a feed resource that is sometimes described as ‘standing hay’. Even in 
wetter conditions, plants in deep shade at the base of the sward may die, thus giving 
senescent herbage of inferior nutritive value. 

The rate at which grass grows is dependent upon the environment, the nutrients 
available and the amount of leaf within the sward that is intercepting light. Immedi- 
ately after harvesting there is a period of slow regrowth, followed by an accelerated 
rate and finally a period of decreasing growth as the herbage matures. As grass 
swards increase in leaf area, the photosynthetic capacity of successive newly ex- 
panded leaves is progressively reduced because of the increasing shade in which they 
develop. The rate at which regrowth occurs depends upon the maturity of the crop at 
the time of harvesting. If the grass is young and leafy, it recovers more quickly and 
starts regrowth earlier than when mature herbage is harvested. Typical growth rates 
for temperate pastures in the spring are 40-100 kg DM per hectare per day. 


Chemical composition 


The composition of the dry matter of pasture grass is very variable; for example, the 
crude protein content may range from as little as 30 g/kg in very mature herbage to 
over 300 g/kg in young, heavily fertilised grass. The fibre content is, broadly, related 
inversely to the crude protein content, and the acid-detergent fibre may range from 
200 g/kg to over 450 g/kg in very mature moorland species of grasses. 

The moisture content of grass is of particular importance when a crop is being 
harvested for conservation; it is high in very young material, usually 750-850 g/kg, 
and falls to about 650 g/kg as the plants mature. Weather conditions, however, greatly 
influence the moisture content. 


Grasses 


Table 18.1 Composition of the dry matter of a sample of Italian ryegrass cut at a 
young leafy stage (g/kg) 


Proximate Carbohydrates Nitrogenous Other 
composition components constituents 
Crude protein 190 Glucose 16 Total N 30 Lignin 52 
Ether extract 45 Fructose 13 Protein N 27 
Crude fibre 208 Sucrose 45 Non-proteinN 3 
Nitrogen-free Oligosaccharides* 19 
extractives 449 Fructans 70 
Ash 108 Galactan 9 
Araban 29 
Xylan 63 
Cellulose 202 


*Excluding sucrose. 


The composition of the dry matter is dependent on the relative proportions of cell 
walls and cell contents. The cell walls consist of cellulose and hemicelluloses, reinforced 
with lignin. The cellulose content is generally within the range of 200-300 g/kg DM and 
that of hemicelluloses may vary from 100 g/kg to 300 g/kg DM. The concentrations 
of both these polysaccharide components increase with maturity; so also does that 
of lignin, which reduces the digestibility of the polysaccharides. 

The cell contents include the water-soluble carbohydrates and much of the pro- 
tein. The water-soluble carbohydrates of grasses include fructans and the sugars glu- 
cose, fructose, sucrose, raffinose and stachyose (see Table 18.1). In temperate grasses 
the storage carbohydrate fructan is the most abundant of the soluble carbohydrates 
and is found mainly in the stem. Grasses of tropical and subtropical origin accumu- 
late starches, instead of fructans, in their vegetative tissues and these are stored 
primarily in the leaves. The water-soluble carbohydrate concentration of grasses is 
very variable, ranging from as little as 25 g/kg DM in some tropical species to over 
300 g/kg DM in some cultivars of ryegrass. 

Proteins are the main nitrogenous compounds in herbage, with true protein 
accounting for about 80 per cent of total nitrogen. Although the total protein content 
decreases with maturity, the relative proportions of amino acids do not alter greatly. 
Similarly, the amino acid composition of proteins varies little among grass species. 
This is not surprising, as up to half of the cellular protein in grasses is in the form of 
a single enzyme, ribulose bisphosphate carboxylase, which plays an important role 
in the photosynthetic fixation of carbon dioxide. Grass proteins are particularly rich 
in the amino acid arginine and also contain appreciable amounts of glutamic acid 
and lysine. They have high biological values for growth compared with seed proteins, 
with methionine being the first and isoleucine the second limiting amino acid for 
growth. However, because of the considerable metabolism of amino acids in the 
rumen, this factor is of little significance to ruminant animals. In general, the protein 
contents of tropical grasses tend to be lower than those of temperate species. 

The amino acid composition of forages is clearly important when the feeds are 
used as protein sources for non-ruminants. For ruminants, however, the most impor- 
tant characteristics of forage proteins are their rumen degradability and their overall 
digestibility. In immature forages, both measures are commonly very high (0.7-0.8), 
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but they decline as the forages mature (and their total protein content declines). In 
mature herbage, a significant proportion of the protein may be indigestible because 
it is bound to fibre (acid-detergent insoluble nitrogen, ADIN; see p. 328). 

The non-protein nitrogenous fraction of herbage varies with the physiological 
state of the plant. Generally, the more favourable the growth conditions, the higher 
is the non-protein nitrogen content and the total nitrogen value, and as the plants 
mature the contents of both decrease. The main components of the non-protein 
nitrogen fraction are amino acids, and amides such as glutamine and asparagine, 
which are concerned in protein synthesis; nitrates may also be present, and these 
may be toxic for grazing animals. 

The lipid content of grasses, as determined in the ether extract fraction, is com- 
paratively low and rarely exceeds 60 g/kg DM. The components of this group include 
triacylglycerols, glycolipids, waxes, phospholipids and sterols. Triacylglycerols occur 
only in small amounts and the major components are galactolipids, which constitute 
about 60 per cent of the total lipid content. The main fatty acids in forages are listed 
in Table 3.5 in Chapter 3. The most abundant is alpha linolenic acid (18:37-3), which 
comprises about 50 per cent of the total. This plant fatty acid is important in animal 
nutrition because it is the precursor of longer-chain polyunsaturated acids, which in 
human nutrition are regarded as being beneficial to health (see Chapter 25). Despite 
the hydrogenation of unsaturated fatty acids in the rumen (see Chapter 8), some of 
the n-3 acids in grasses are absorbed unchanged by ruminants and influence the n-3 
content of meat and milk fats. Hydrogenation of the polyunsaturated fatty acids in 
grasses gives rise to conjugated linoleic acid, another acid with health-protecting 
properties (see Chapter 25). 

The mineral content of pasture is very variable, depending upon the species, stage 
of growth, soil type, cultivation conditions and fertiliser application; an indication of 
the normal range in content of some essential elements is given in Table 18.2. 

Green herbage is an exceptionally rich source of B-carotene, a precursor of vitamin 
A, and the dry matter of the young green crop may contain as much as 550 mg/kg. 


Table 18.2 Ranges of essential mineral contents of temperate 
pasture grasses 


Element Low Normal High 

g/kg DM 
Potassium <12 15-30 >35 
Calcium <2.0 2.5-5.0 >6.0 
Phosphorus <2.0 2.0-3.5 >4.0 
Sulphur <2.0 2.0-3.5 >4.0 
Magnesium <1.0 1.2-2.0 >2.5 

mg/kg DM 
Iron <45 50-150 >200 
Manganese <30 40-200 >250 
Zinc <10 15-50 >75 
Copper <3.0 4.0-8.0 >10 
Molybdenum <0.40 0.5-3.0 >5.0 
Cobalt <0.06 0.08-0.25 >0.30 
Selenium <0.02 0.03-0.20 >0.25 


Grasses 


Herbage of this type supplies about 100 times the vitamin A requirement of a graz- 
ing cow when eaten in normal quantities. 

It has generally been considered that growing plants do not contain vitamin D, 
although precursors are usually present. Studies suggest, however, that vitamin D may 
be present in herbage but in relatively small amounts. The greater vitamin D content 
of mature herbage than of young material may be caused in part by the presence of 
dead leaves in which vitamin D, has been produced from irradiated ergosterol. 

Most green forage crops are good sources of vitamin E and of many of the B vita- 
mins, especially riboflavin. 


Factors influencing the nutritive value of herbage 


Stage of growth 


Stage of growth is the most important factor influencing the composition and nutri- 
tive value of pasture herbage. As plants grow there is a greater need for fibrous tis- 
sues to maintain their structure, and therefore the main structural carbohydrates 
(cellulose and hemicelluloses) and lignin increase, and the concentration of protein 
decreases; there is therefore an inverse relationship between the protein and fibre 
contents in a given species, although this relationship can be upset by the application 
of nitrogenous fertilisers. 

The variations in chemical composition of two species of grasses, perennial rye- 
grass (Lolium perenne) and purple moor grass (Molinea caerulea), at three stages of 
growth, are shown in Table 18.3. In addition to the changes in organic components, 
changes also occur in the mineral or ash constituents. The total ash content decreases 
as the plant matures. This is reflected in the calcium content, which follows a similar 


Table 18.3 Composition and nutritional value of Lo/ium perenne and Molinea 
caerulea grown in Scotland and harvested at three stages of maturity 


Lolium perenne Molinia caerulea? 
24 May 7 July 4 Aug 3 July 16 Aug 6 Oct 

Proportion of leaf 0.63 0.29 0.27 0.95 0.87 0.78 
DM (g/kg) 165 338 300 374 468 428 
Components of DMP 

g/kg DM 

CP 143 69 48 149 97 59 

Ash 88 68 74 27 29 20 

ADF 227 316 347 327 414 435 

Lignin 16 41 49 52 95 95 
Organic matter 

Digestibility® 0.80 0.68 0.59 0.67 0.54 0.48 

Intake‘ (g/kg W°'*/day) 73 56 39 70 44 28 


*Harvested from a hill sward containing about 80 per cent M. caerulea. 
ÞCP = crude protein; ADF = acid-detergent fibre. 
“Determined using sheep. 


After Armstrong R H, Common T G and Smith H K 1986 Grass and Forage Science 41: 53-60. 
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pattern to that of the total ash in grasses. The magnesium content is generally high in 
the early spring but falls off sharply; during the summer it rises, reaching high values 
in the autumn. 

The digestibility of the organic matter is one of the main factors determining the 
nutritive value of forage; this may be as high as 0.85 in young spring pasture grass 
and as low as 0.45 in winter forage. The basic determinant of forage digestibility is 
the plant anatomy. Plant cell contents, being mainly soluble carbohydrates and pro- 
teins, are almost completely digestible, but cell walls vary in digestibility according 
to their degree of reinforcement with lignin. Thus, digestibility decreases as plants in- 
crease in maturity, but the relationship is complicated by there being a spring period 
of up to a month during which the herbage digestibility remains fairly constant. This 
period has been described as the ‘plateau’. The end of this period is associated in 
some plant species with ear emergence, after which digestibility of organic matter 
may decrease abruptly. In grasses grown in the UK, this rate of decrease is about 
0.004 units per day. 

Digestibility of grasses is also influenced by leaf/stem ratios. Techniques involving 
fermentation in vitro have enabled the digestibility of different fractions of plants to 
be determined. In very young grass the stem is more digestible than the leaf, but 
whereas with advancing maturity the digestibility of the leaf fraction decreases very 
slowly, that of the stem fraction falls rapidly. As plants mature, the stem comprises an 
increasing proportion of the total herbage and hence has a much greater influence 
on the digestibility of the whole plant than the leaf. 

The decrease in digestibility with stage of growth is also reflected in the metabolis- 
able and net energy values of grasses, as illustrated in Table 18.4. The low net energy 
value of mature herbage is not only due to a low organic matter digestibility but is 
also associated with a high concentration of cellulose. The digestion of this polysac- 
charide in the rumen and the metabolism of the end products give rise to a high heat 
increment (see Chapter 11). 


Species 
The Gramineae form a very large family that has been subdivided into 28 tribes, of 
which the six largest contain most pasture grasses of economic importance. All six of 


Table 18.4 Nutritional value of four cuts of perennial ryegrass 


Cut 1, Cut 2, late Cut 3, ear Cut 4, 
young leafy leafy emergence full seed 
Constituents (g/kg DM) 
Crude protein 186 153 138 97 
Crude fibre 212 248 258 312 
Cellulose 253 284 299 356 
Energy (MJ/kg DMP) 
Metabolisable 13.1 12.2 11.6 8.9 
Net (for maintenance) 10.3 9.3 8.8 7.3 
Net (for liveweight gain) 6.9 6.9 5.6 3.8 


*Determined using mature sheep. 


After Armstrong D G 1960 Proceedings of the Eighth International Grassland Congress, p. 485. 


Grasses 


Table 18.5 The main tribes of the Gramineae, their areas of major importance, 
and some examples of their grassland species 


Tribe Major areas Examples 
Agrosteae All temperate Agrostis spp. — bent grasses 
Phleum pratense — timothy 
Aveneae Cold and temperate Holcus lanatus — Yorkshire fog 
Danthonia pilosa — tussock grass 
Festuceae Temperate, Lolium spp. — ryegrasses 
particularly USA Festuca spp. — fescues 
Bromus spp. — bromes 
Eragrosteae Tropical and Eragrostis curvula — weeping love grass 
warm temperate 
Andropogoneae Tropics, particularly Andropogon gayanus — gamba 
SE Asia Hyparrhenia rufa — Jaragua 
Paniceae Tropics and subtropics Digitaria decumbens — pangola grass 


Panicum maximum — Guinea grass 
Paspalum dilatatum — dallis grass 
Pennisetum purpureum — elephant grass 


Table 18.6 Composition (g/kg DM) and ME values (MJ/kg DM) of three cuts of 
Jaragua grass (Hyparrhenia rufa) grown in Brazil 


Stage of growth Composition ME 
Crude protein Crude fibre Ether extract Ash 
Vegetative 92 289 26 149 8.4 
Full bloom 35 314 19 136 7.0 
Milk stage 28 337 15 115 6.5 


Adapted from Gohl B 1981 Tropical Feeds, FAO, Rome. 


these tribes have a wide distribution, but their importance in any particular region is 
determined largely by the temperature and to a lesser extent by the rainfall. The dis- 
tribution of these tribes, and some agriculturally important members of them, are 
shown in Table 18.5. 

In temperate areas with a reasonably uniform distribution of rainfall, grasses 
grow and mature relatively slowly and thus can be utilised at an early stage of 
growth when their nutritive value is high. In warmer climates, however, grasses 
mature more rapidly, their protein and phosphorus contents falling to very low lev- 
els, and their fibre content rising (see Table 18.6). In the wet tropics the herbage 
available is commonly fibrous but lush (i.e. high in water content); in drier areas the 
mature herbage becomes desiccated and is grazed as ‘standing hay’. In both cases 
digestibility is low, typical values for tropical herbage being 0.1-0.15 units lower 
than for temperate herbage. The differences in composition between temperate and 
tropical grasses are not only a result of climate. Temperate species of grasses belong 
to the C3 category of plants, in which the three-carbon compound phosphoglycer- 
ate is an important intermediate in the photosynthetic fixation of carbon dioxide. 
Most tropical grasses have a C4 pathway of photosynthesis, in which carbon dioxide 
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is first fixed in a reaction involving the four-carbon compound oxalacetate. The 
low-protein contents often found in tropical grasses are an inherent characteristic of 
C4 plant metabolism, which is associated with survival under conditions of low soil 
fertility. Another feature of tropical species is their storage of carbohydrates as 
starch, rather than as fructans. 

A further factor of nutritional importance is that the anatomy of the leaves of 
tropical grasses differs from that of temperate grasses. In tropical grasses there are 
more vascular bundles and thick-walled bundle sheaths, and hence more lignin, and 
in the central tissue of the leaf the mesophyll cells are more densely packed than 
those in temperate grasses. Thus, in tropical grasses, intercellular air spaces represent 
only 3-12 per cent of leaf volume compared with 10-35 per cent in temperate species. 
This may partly explain why tropical grasses have a higher tensile strength than tem- 
perate grasses, a feature that retards both mechanical and microbial degradation in the 
rumen. The consequences of this are lower digestibility of tropical grasses and lower 
voluntary dry matter intake. 

The selection of pasture species and cultivars is based on such agronomic charac- 
ters as persistency and productivity, but nutritive value is also taken into account. 
Cultivars within a species generally differ to only a small degree in nutritive value, if 
the comparison is made at the same stage of growth, but differences between compa- 
rable species may be larger. A classical example for the temperate grasses is the dif- 
ference between British cultivars of perennial ryegrass (Lolium perenne) and of 
cocksfoot or orchard grass (Dactylis glomerata). At the same stage of growth, cocks- 
foot has a lower concentration of soluble carbohydrates and is lower in dry matter 
digestibility than ryegrass. 

Pasture species may also influence the value of the herbage through their growth 
habit. As discussed in Chapter 17, tall and spindly (as opposed to short dense) swards 
are difficult for the animal to harvest efficiently, and so its intake may be reduced. 

In Britain, perennial ryegrass is the most important species of sown pastures, but 
Italian ryegrass (Lolium multiflorum), timothy (Phleum pratense), cocksfoot and the 
fescues (Festuca spp.) are also common. In older pastures these are accompanied by 
weed species, particularly meadowgrass (Poa pratensis), Yorkshire fog (Holcus lanatus) 
and the bents (Agrostis spp.). In the uplands, however, some of these weed species, such 
as the bents, along with other species such as mat grass (Nardus stricta) and purple 
moor grass (Molinia caerulea) (see Table 18.3), are valued constituents of the sward. 


Soils, fertilisers and weather 


The type of soil may influence the composition of the pasture, especially its mineral 
content. Plants normally react to a mineral deficiency in the soil either by limiting 
their growth or by reducing the concentration of the element in their tissues, or more 
usually by both. In addition, deficiencies of mineral elements may affect the utilisa- 
tion of herbage; thus, in sheep, sulphur deficiency reduces the digestibility of herbage. 
The most common mineral deficiencies of grass herbage are those of phosphorus, 
magnesium, copper and cobalt. 

The acidity of the soil is an important factor that can influence, in particular, the 
uptake of many trace elements by plants. Both manganese and cobalt are poorly 
absorbed by plants from calcareous soils, whereas low molybdenum levels of 
herbage are usually associated with acid soils. The induced copper deficiency known 
as teart (see p. 123), associated with high herbage molybdenum levels, generally oc- 
curs on pasture grown on soils derived from Lower Lias clay or limestone. 


Grasses 


Liberal dressings of fertilisers can markedly affect the mineral content of plants; it 
is also known that the application of nitrogenous fertilisers increases leaf area and 
rate of photosynthesis. As a consequence, the crude protein content, and frequently 
the amide and nitrate contents, are increased. 

Application of nitrogenous fertilisers also depresses the water-soluble carbohy- 
drate content of temperate grasses, which may have an adverse effect on fermenta- 
tion if the crop is preserved as silage (see p. 499). Fertilisers may also affect, indirectly, 
the nutritive value of a sward by altering the botanical composition. For example, 
legumes do not thrive on a lime-deficient soil, while heavy dressings of nitrogen 
encourage growth of grasses and at the same time depress clover growth. 

Such factors as climate and season may influence the nutritive value of pasture. 
The concentration of sugars and fructans, for example, can be influenced markedly 
by the amount of sunshine received by the plant. Generally, on a dull cloudy day, the 
soluble carbohydrate content of grass will be lower than on a fine sunny day. Rain- 
fall can affect the mineral composition of pasture herbage. Calcium, for example, 
tends to accumulate in plants during periods of drought but to be present in smaller 
concentration when the soil moisture is high; on the other hand, phosphorus appears 
to be present in higher concentrations when the rainfall is high. 


Grazing system 


In many traditional grazing systems, animals are kept on the same area of pasture 
throughout the year (continuous grazing). In such systems, the ideal ‘stocking rate’ 
(i.e. animals per unit area) is one that maintains a perfect balance between the 
growth of new herbage and its harvesting by animals; in this situation, the animal is 
presented with a constant supply of young (and therefore nutritious) herbage. In 
practice, this ideal situation is rarely achieved. If the rate of growth exceeds the rate 
of harvesting, herbage accumulates and matures, thus reducing the nutritive value 
of the material on offer. However, an increase in the amount of herbage on offer allows 
the animals to graze selectively, and they are able to compensate to some extent for 
the general fall in nutritive value by selecting plants, or parts of plants, that are 
higher in nutritive value than the rest. For example, leaf may be selected in prefer- 
ence to stem. Such selective grazing is particularly important with pastures contain- 
ing a wide variety of plants (e.g. shrubs and trees as well as grasses and herbaceous 
legumes). If the rate of harvesting exceeds the rate of growth of the pasture, then the 
‘grazing pressure’ on the sward is said to increase. Selection by animals is reduced, 
and the pasture plants may be so denuded of foliage that their root reserves are de- 
pleted and they fail to regrow. Both under- and overgrazing of pastures may change 
their botanical composition and therefore the nutritive value of their herbage. 

In rotational grazing systems, pastures are grazed for short periods at a high 
stocking rate and grazing pressure; animals harvest most of the herbage on offer, and 
the pastures are then rested for longer periods of recovery. For example, farmers 
might divide their pastures into 28 paddocks and graze each for 1 day, thus allowing 
27 days for regrowth. Once a rotation has been established, animals should receive 
herbage of reasonably constant nutritive value. In these systems the balance between 
herbage grown and herbage harvested may also be controlled by varying the numbers 
of animals or paddocks (e.g. some paddocks may be cut for silage). 

Pastures are not necessarily harvested by grazing. In some areas, grass may be cut 
by machine and transported to housed animals. This practice of ‘zero grazing’ allows 
greater control over the diet of grass-fed livestock. 
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Nutrient balance 


The effects of the factors already considered may often be attributed to the balance 
of the three major groups of nutrients in grasses, namely protein, fibre and soluble 
carbohydrates. High fibre levels reduce digestibility and energy value. High contents 
of water-soluble carbohydrates are rapidly fermented in the rumen and may depress 
the pH and so reduce fibre digestion. Conversely, low contents of these carbohy- 
drates reduce microbial protein synthesis in the rumen, leading to an increased up- 
take of ammonia, with consequent energy costs of urea synthesis. An additional 
feature of grass proteins is that their ramen-undegradable fraction is often low. The 
effect of an imbalance is illustrated by the comparison of spring and autumn 
herbages. Autumn grass is generally high in protein but low in water-soluble carbohy- 
drate. It is as digestible as spring grass, but its net energy value is lower, typically by 
15-20 per cent. 

Ideally, nutrient imbalances in grazed herbages should be corrected by giving sup- 
plements, and in practice animals may be given, for example, starchy concentrates to 
correct a shortage of soluble carbohydrates. Supplements, however, may not be fully 
effective because they cannot be mixed with the herbage and therefore do not act 
evenly in the rumen. In the recent past, plant breeders have been successful in in- 
creasing the soluble carbohydrate content of pasture plants, particularly ryegrasses. 


Nutritional disorders associated with grasses 


Nitrate poisoning 


As mentioned earlier, nitrate can accumulate in grasses. Nitrate per se is relatively 
non-toxic to animals. The toxic effect in ruminants is caused by the reduction of ni- 
trate to nitrite in the rumen. Nitrite, but not nitrate, oxidises the ferrous iron of 
haemoglobin to the ferric state, producing a brown pigment, methaemoglobin, 
which is incapable of transporting oxygen to the body tissues. Toxic signs include 
trembling, staggering, rapid respiration and death. It has been reported that toxicity 
may occur in animals grazing herbage containing more than 0.7 g nitrate-N/kg DM 
(2.8 g NO3), although the lethal concentration is much higher than this. Some au- 
thorities have quoted a lethal figure for nitrate-N of 2.2 g/kg DM, whereas others 
have suggested a value far in excess of this. A sudden intake of nitrate may be partic- 
ularly dangerous; experimentally this may be brought about by drenching, but it may 
occur in practice when herbage that is normally non-toxic is eaten unusually quickly. 
Nitrate is sometimes less toxic if the diet also contains soluble carbohydrates. The ni- 
trate content of grasses varies with species, variety and manuring, although the 
amount present is generally directly related to the crude protein content. Cereal 
grasses, maize and weeds such as thistles and docks may also contain toxic concen- 
trations of nitrate. 


Mycotoxicoses 


Several related disorders of grazing animals have as their primary cause the invasion 
of grasses by fungi, which produce substances known as mycotoxins. The condition 
known as ‘ryegrass staggers’ occurs in ruminants and horses grazing perennial rye- 
grass in New Zealand, Australia, North America and (occasionally) Europe. Affected 
animals are uncoordinated and may collapse, although mortality is low. The endo- 
phytic fungus involved, Acremonium loliae, produces the neurotoxic alkaloid 
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Legumes 


lolitrem B. The tropical pasture plant Paspalum is associated with the related condi- 
tion, paspalum staggers, but the fungus involved in this case is Claviceps paspali, 
which is related to the ergot fungus (see p. 68), and the toxins are known as paspali- 
nine and paspalitrem A and B. An ergot alkaloid, ergovaline, is also produced by the 
fungus Acremonium coenophialum, which infects the grass tall fescue. Ergovaline 
causes the condition known as ‘fescue foot’, in which grazing animals become lame 
and develop gangrene at their extremities owing to vasoconstriction. The last myco- 
toxin to be considered is sporidesmin; this is produced by the fungus Pithomyces 
chartarum, which grows in the pasture litter. In Australasia it causes liver damage in 
grazing animals, which leads to the release into the circulation of bile and the chloro- 
phyll breakdown product phylloerythrin. These compounds cause jaundice and 
photosensitisation of the skin, hence the name of the disorder, ‘facial eczema’. 

Control of these mycotoxicoses is based on the use of fungicides on pasture, on 
the selection of resistant plants and animals, and on the modification of grazing 
practices to avoid consumption of infected herbage (e.g. avoiding the grazing of in- 
fected dead plant material close to the ground). 


Grass sickness 


Horses grazing pasture after a dry period can develop this condition, for which the 
scientific name is equine dysautonomia. It is characterised by muscular tremors, dif- 
ficulty or inability in swallowing, regurgitation of stomach contents, abnormal 
stance, impaction of the colon and loss of weight. These signs are the results of dam- 
age to the autonomic nervous system. This damage extends to the nerve cells in the 
autonomic ganglia and in the enteric nervous system, the plexus of neurons within 
the intestinal wall. The exact cause of grass sickness is not known but there is evi- 
dence that a botulinum toxin is involved, this arising from the organism Clostridium 
botulinum type C in the soil or on the herbage. Large amounts of the toxin have 
been found in the gut of animals suffering acute signs of the condition, and anti- 
bodies have been isolated in chronically ill animals. It is thought that the animal’s 
susceptibility to the toxin is affected by its immune defences in the gut mucosa and is 
also influenced by a nutritional trigger involving the biochemical status of the grass. 


LEGUMES 


Pasture and field crop legumes 


The family Leguminoseae contains about 18000 species, which are valued for their 
ability to grow in a symbiotic relationship with nitrogen-fixing bacteria and for their 
drought resistance. The commonest legumes found in pastures are the clovers 
(Trifolium spp.), the main representatives being red clover (T. pratense) and white 
clover (T. repens) in the cooler and wetter regions such as Europe and New Zealand, 
and subterranean clover (T. subterraneum) in drier areas such as southern Australia. 

Nutritionally, the clovers are superior to grasses in protein and mineral content 
(particularly calcium, phosphorus, magnesium, copper and cobalt), and their nutri- 
tive value falls less with age. Studies with white clover have shown that the rates of 
reduction in particle size and of movement of particulate matter from the rumen are 
more rapid than with grass. Sheep and cattle offered white clover as fresh forage con- 
sumed 20 per cent more dry matter than from grass of the same metabolisable energy 
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Table 18.7 Composition of the dry matter of lucerne 


Pre-bud In-bud Early flower 
Crude fibre (g/kg) 220 282 300 
Ash (g/kg) 120 82 100 
Crude protein (g/kg) 253 205 171 
Digestible organic matter (g/kg) 670 620 540 
Metabolisable energy (MJ/kg) 10.2 9.4 8.2 


Adapted from MAFF 1975 Energy Allowances and Feeding Systems for Ruminants, technical bulletin 
no. 33, London, HMSO, p. 70. 


content. Similar high voluntary intakes of dry matter have been obtained from red 
clover and other legumes. 

The sugars present in clovers are similar to those found in grasses, the main sugar 
being sucrose. Fructans are generally absent, but starch is present and concentrations 
of this polysaccharide as high as 50 g/kg DM have been reported in the dried leaves 
of red clover. 

Many tropical pastures are deficient in indigenous legumes, but determined ef- 
forts are being made to introduce them. In Australia, for example, the South Ameri- 
can legume centro (Centrosema pubescens) has been introduced into pastures of the 
wet tropical type, and siratro (Macroptilium atropurpureum) has been bred from 
Mexican cultivars for use in drier areas. Because tropical legumes are similar anatom- 
ically to temperate legumes, they differ much less in digestibility than do tropical and 
temperate grasses. 

Lucerne or alfalfa (Medicago sativa) also occurs in pastures, but like many other 
legumes it is more commonly grown on its own. It is found in warm temperate areas 
and in many tropical and subtropical countries. The protein content is comparatively 
high and declines only slowly with maturity (Table 18.7). Lucerne grown in the UK 
tends to be high in fibre, particularly the stem, and at the late flowering stage crude 
fibre may be as high as 500 g/kg DM. Lucerne cultivars are distinguished by the time 
of flowering, and for UK conditions early-flowering types are recommended. These 
varieties usually flower in the second week of June, but to obtain a cut with accept- 
able digestibility the crop should be first harvested at the early bud stage (end of 
May), when the expected digestible organic matter (DOM) content would be 
620-640 g/kg DM, and subsequently cut at 6- to 8-week intervals to give DOM values 
of 560-600 g/kg DM. 

In Britain, the small area of lucerne grown is harvested mainly for silage or for 
artificial drying (see Chapter 20), but in other parts of the world, notably the USA 
(where it is known as alfalfa), the crop is also used for grazing. 

Berseem or Egyptian clover (Trifolium alexandrinum) is an important legume 
grown in the Mediterranean area and India. It is valued for its rapid growth in the 
cooler winter season in the subtropics and for its good recovery after cutting or graz- 
ing. It has a nutritive value very similar to that of lucerne. 

Sainfoin (Onobrychis viciifolia) is a legume of less economic importance than 
lucerne, and in the UK it is confined to a few main areas in the south. In common 
with most green forages, the leaf is richer than the stem in crude protein, ether ex- 
tract and minerals, especially calcium. Changes that occur in the composition of the 
plant are due mainly to variation in stem composition and leaf/stem ratio. The crude 
protein content in the dry matter may vary from 240 g/kg at the early flowering 
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stage to 140 g/kg at full flower. Corresponding crude fibre values at similar stages of 
growth may be 140 g/kg and 270 g/kg DM. 

Peas (Pisum sativum), beans (Vicia faba) and vetches (Vicia sativa) are sometimes 
grown as green fodder crops. When cut at the early flowering stage, they are similar in 
nutritive value to other legumes. 


Leguminous trees and shrubs 


Animals grazing mature grass pastures are often able to supplement their diet by con- 
suming the foliage of trees and shrubs, many of which are legumes. The collective term 
applied to food obtained in this way is ‘browse’; in addition to being harvested by ani- 
mals, browse may be cut and carried to housed livestock. The foliage of leguminous 
trees is high in protein (200-300 g/kg DM) and minerals, but it is also high in fibre 
(500-600 g neutral-detergent fibre per kilogram of DM). Tannins (see below) and possi- 
bly other constituents reduce the palatability of browse, and so its nutritional value may 
be as a food reserve, to be consumed when grass herbage is no longer available. 

One of the best-known browse species is leucaena (Leucaena leucocephala), also 
known as ipil-ipil, which is a valuable tropical legume cultivated extensively in many 
parts of the world, notably in SE Asia, Latin America and the West Indies. It is a valu- 
able source of protein and minerals and is also rich in B-carotene. However, it also 
contains the toxic amino acid mimosine (see below). Other examples of legume 
forages are gliricidia (Gliricidia sepium), sesbania (Sesbania sesban) and acacia (Acacia 
angustissima), all of which are cultivated in Africa. 


Condensed tannins in legumes 


Many legumes, especially the browse species, contain appreciable concentrations of 
condensed (i.e. non-hydrolysable) tannins whose role in nutrition is problematical. 
Low to moderate concentrations precipitate soluble plant proteins and thus protect 
them against degradation in the rumen (see Chapter 8), but if the proteins are too 
firmly bound to the tannins they are not digested in the small intestine. For foliage with 
a high concentration of condensed tannins (55 g/kg DM), digestibility (especially of 
protein) tends to be low. However, lower levels of condensed tannins (20-45 g/kg DM), 
found typically in some pasture legumes such as sainfoin and birdsfoot trefoil, are 
considered to be beneficial to ruminants. By protecting proteins from hydrolysis in 
the rumen, they increase amino acid absorption from the small intestine. They also 
modify gas production in the rumen, thereby reducing the danger of bloat (see below) 
and possibly reducing methane production. Condensed tannins are also claimed to 
restrict the growth of gut parasites. The most common pasture legumes (the clovers) 
do not contain appreciable amounts of condensed tannins, but attempts are being 
made to introduce them by plant breeding. 


Nutritional disorders associated with legumes 


A disorder that is frequently encountered in cattle and sheep grazing on legume- 
dominated pastures is bloat. The most serious problems are associated with clovers 
and lucerne. The primary cause of bloat is the retention of the fermentation gases in 
a stable foam (frothy bloat), preventing their elimination by eructation. Soluble leaf 
proteins are thought to play the major role in the formation of the foam (see p. 178). 
As discussed above, legumes that contain significant concentrations of condensed 
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tannins (20 g/kg), such as sainfoin, are unlikely to cause bloat, probably because of 
the ability of tannins to precipitate soluble proteins. Frothy bloat can be treated by 
administration of vegetable oils or chemical surfactants, and in New Zealand these 
substances may be sprayed on to legume-rich pastures to prevent bloat. 

Associated with grazing sheep on pure lucerne is a sudden death syndrome 
termed ‘redgut’. This is thought to be caused by the rapid passage of highly digestible 
forage through the rumen that causes increased fermentation in the large intestine. In 
early weaning experiments in New Zealand, 1-3 per cent of lambs grazing lucerne 
died of this disorder. The incidence was reduced when the lucerne was supplemented 
with meadow hay. 

A large number of species of plants are known to contain compounds that have 
oestrogenic activity. Pasture plants containing these phytoestrogens are mainly of 
the species Trifolium subterraneum (subterranean clover), T. pratense (red clover), 
Medicago sativa (lucerne) and M. truncatula (barrel medic).The oestrogens in Trifolium 
sp. are mainly isoflavones, whereas those in Medicago sp. are usually coumestans. 

Naturally occurring isoflavones and coumestans have relatively weak oestro- 
genic activity, but this activity can be increased as a result of metabolism in the 
rumen. For example, the main isoflavone in subterranean clover, formononetin, is 
converted to equol in the rumen. Some plants, e.g. T. repens (white clover), are nor- 
mally non-oestrogenic but when infected with fungi can produce high concentrations 
of coumestan. 

The consumption of oestrogenic pasture plants by sheep leads to severe infertility 
and postnatal death in lambs. The infertility can persist for long periods after the 
ewes have been taken off the oestrogenic pastures. The main cause of the infertility 
is a cystic glandular hyperplasia of the uterus, which causes an increased flow of 
mucus and hence poor sperm penetration to the oviduct. A temporary infertility may 
occur in ewes grazing oestrogenic pastures at the time of mating. Fertility is restored 
when sheep are moved to other pastures. Improved cultivars of subterranean clover 
containing lower contents of oestrogenic substances are now grown in Australia. 

Cattle grazing oestrogenic pastures do not appear to suffer the severe infertility 
problems that affect sheep. 

Leucaena contains the toxic amino acid mimosine. In the rumen this is converted 
to dihydroxypyridine (DHP), a compound with goitrogenic properties (see p. 127). 
Ruminants consuming large quantities of leucaena may suffer weight loss, thyroid 
dysfunction and loss of hair or wool (alopecia). In countries with a natural popula- 
tion of leucaena, grazing animals possess a rumen microorganism capable of destroy- 
ing DHP (Synergistes jonesii). In Australia, the ill-effects of introduced leucaena 
have been ameliorated by inoculating grazing animals with rumen contents taken 
from animals in Hawaii. 


OTHER FORAGES 


Cereals 


Cereals are sometimes grown as green forage crops, either alone or mixed with 
legumes. Like the grain, the forage is rich in carbohydrate and low in protein, its 
nutritive value depending mainly on the stage of growth when harvested (see 
Table 18.8). The crude protein content of the cereal at the grazing stage is generally 
within the range of 60-120 g/kg DM. At the time of ear formation, the concentration 
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Table 18.8 Composition of whole barley at different stages of growth 


Stage of growth? 


1 2 3 4 5 6 7 
Dry matter (g/kg) 191 200 258 293 353 387 425 
Components of DM (g/kg) 
Crude protein 103 87 72 67 56 60 66 
Crude fibre 313 321 286 253 204 195 254 
WSC? 193 200 265 326 255 185 86 
Fructose 60 50 41 31 29 31 22 
Glucose 60 60 42 29 28 20 11 
Sucrose 19 15 23 33 21 20 4 
Fructans 31 33 72 128 122 66 23 
Starch 3 3 4 10 185 348 413 
Calcium 5.1 5.5 5.2 4.1 3.5 2.3 1.9 
Phosphorus 2.3 2.0 1.8 1.7 1.6 1.7 2.1 
D value 62 54 58 61 63 61 55 


*Stage of growth: 1 = heading completed, 2 = flowering, 3 = watery kernels, 4 = milky 
kernels, 5 = early mealy ripe, 6 = late mealy ripe, 7 = ripe for cutting. 

>water-soluble carbohydrates. 

“Digestible organic matter as a percentage of the dry matter (in vitro). 


Adapted from Edwards R A, Donaldson E and MacGregor A W 1968 Journal of the Science of Food and 
Agriculture 19: 656-60; and MacGregor A W and Edwards R A 1968 Journal of the Science of Food and 
Agriculture 19: 661-6. 


of crude fibre falls as a result of the great increase in starch, which tends to maintain 
the digestibility value. 


Sugarcane 


Sugarcane (Saccharum officinarum) is a tropical or subtropical perennial grass that 
grows to a height of 4.5-6.0 m or more. The crop is processed for its sugar, which 
leaves two by-products: molasses and a fibrous residue termed bagasse. Sugarcane 
molasses is a high-energy, low-protein food similar in composition to the molasses 
obtained as a by-product from sugar beet (see p. 536). Bagasse is a high-fibre, low- 
protein product of very low digestibility that is sometimes mixed with the cane mo- 
lasses for cattle feeding. The unmolassed bagasse has a digestibility of about 0.28, but 
this can be dramatically increased to about 0.55 by short-term (5-15 min) treatment 
with wet steam at 200°C. Steam-treated bagasse, supplemented with urea, has been 
shown to be suitable as a maintenance feed for beef cows. 

In some countries, the whole sugarcane crop is used as forage for ruminants. The 
whole crop on a dry matter basis has an ME value of about 9 MJ/kg and a low crude 
protein content of about 40 g/kg. 


Brassicas 


The genus Brassica comprises some 40 species, of which the following are of agricul- 
tural importance: kales, cabbages, rapes, turnips and swedes. Some of the brassicas 
are grown primarily as root crops, and these will be discussed in Chapter 21. 
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Kales (Brassica oleracea) 


The kales include a very wide variety of plant types, which range from short leafy 
plants 30 cm high, to types 2 m tall with stems strong enough to be used in building. The 
commonest short type is thousandhead kale (var. fruticosa) and the commonest tall 
type is marrowstem kale (var. acephala), which is known in Australasia as chou moelier. 
They are grown in temperate parts of the world to provide green fodder during winter, 
but in drier areas they may also be used to supplement summer grazing. 

Kales are low in dry matter content (about 140 g/kg), which is rich in protein 
(about 150 g/kg), water-soluble carbohydrates (200-250 g/kg) and calcium (10-20 g/kg), 
and their digestibility is generally high. The woody stems of marrowstem kale are 
lower in digestibility than the rest of the plant and may be rejected by animals. 


Rapes 


The rapes grown in Britain are usually swede-rapes (B. napus), although turnip-rapes 
(B. campestris) also occur. Rape may be included in seed mixtures for pastures, in 
order to provide forage until the grasses become established. The nutritive value of 
rapes is similar to that of the kales. A forage rape and kale hybrid (var. Swift) is val- 
ued for fast growth combined with winter hardiness. 


Cabbages (B. oleracea, var. capitata) 


These are grown for both human and animal consumption and range in type from 
open-leaved to drumhead. All have a low proportion of stem and hence are less fibrous 
than either kales or rapes. 


Toxicity of brassica forage crops 


All brassicas, whether grown as forage, root or oilseed crops, contain goitrogenic 
substances (see p. 127). In the forage crops these are mainly of the thiocyanate type, 
which interferes with the uptake of iodine by the thyroid gland and whose effects 
can be overcome by increasing the iodine content of the diet. All animals grazing on 
forage brassicas may develop goitre to some extent, but the most serious effects are 
found in lambs born to ewes that have grazed on brassicas during pregnancy; these 
lambs may be born dead or deformed. It has been suggested (but not adequately 
confirmed) that cows grazing on kales may secrete sufficient goitrogen in their milk 
to cause goitre in children drinking it. 

Forage brassicas may also cause a haemolytic anaemia in ruminants, in extreme 
cases of which the haemoglobin content of the blood falls to only one-third of its nor- 
mal value and the red cells are destroyed so rapidly that haemoglobin appears in the 
urine (haemoglobinuria). The condition is due to the presence in brassicas of the unusual 
amino acid S-methylcysteine sulphoxide, which in the rumen is reduced to dimethyl 
disulphide: 


o 
| 
2CHs—S.CH2CHNH2COOH + Hə ——> CH3.S.S.CH3 + 2CH,CO.COOH + 2NH3 


S-methylcysteine sulphoxide Dimethyl Pyruvic 
disulphide acid 


The dimethyl disulphide is known to damage the red cells. Green brassicas con- 
tain 10-20 g S-methylcysteine sulphoxide per kilogram of DM. The condition is 


SUMMARY 


1. Temporary pastures often consist of a single, 


Summary 


best avoided by ensuring that when kale or rape is consumed for an extended period 
(i.e. more than a month), it contributes no more than half of the animal’s total dry 
matter intake. 


Green tops 


Mangel, fodder beet, sugar beet, turnip and swede tops may all be used for feeding 
farm animals. Care is required when feeding with mangel, fodder and sugar beet 
tops, since they contain a toxic ingredient that may lead to extensive scouring and 
distress and, in extreme cases, death. The risk appears to be reduced by allowing the 
leaves to wilt. The toxicity has been attributed to oxalic acid and its salts, which are 
supposed to be reduced or removed by wilting. A recent study casts some doubt on 
this theory, since the oxalate content of the leaves is practically unaffected by wilting. 
It is possible that the toxic substances are not oxalates but other factors that are 
destroyed during wilting. 

Swede and turnip tops are safe for feeding and may have a crude protein content in 
the dry matter as high as 200 g/kg, the digestibility of the organic matter being about 
0.70; like kale, rape and cabbage, they may cause haemolytic anaemia in ruminants. 

Sugar beet tops generally contain the upper part of the root as well as the green 
leaves and are more digestible, about 0.77. All these green tops are excellent sources 
of B-carotene. 


4. Although growth stage is the main determinant 


sown plant species, whereas permanent pas- 
tures include several species of grasses and 
legumes. Natural grasslands consist of a wide 
variety of plants, including shrub species. 


. As grazing animals are free to select their diet, 
their nutrient intake is generally unknown. 
They generally have to work hard to harvest 
their food. 


. Grasses grow from green leafy material to 
mature stems and flowering heads, and their 
pattern of growth is reflected in their chemical 
composition. Fructans and other soluble carbo- 
hydrates decline from about 250 g/kg to 

25 g/kg DM, and protein from 250 g/kg to 

50 g/kg DM. Fibre, in the form of cellulose 

and hemicelluloses, increases to as much as 
600 g/kg DM. If not restricted by soil supplies, 
grasses are good sources of minerals (and also 
of vitamins, except vitamin D). Digestibility and 
metabolisable energy value of grasses decrease 
as they mature. 


of the nutritive value of grasses, there are rela- 
tively small differences among temperate species 
but large differences between temperate and 
tropical species. The latter differences are due 
to plant anatomy and photosynthetic path- 
ways. Variations in soils and fertiliser applica- 
tions have major effects on minerals in grasses, 
but may also affect other nutrients; thus, 
fertiliser nitrogen increases plant protein 
content. 


. Grazing systems that allow selection by ani- 


mals tend to cause the accumulation of mature 
herbage of low nutritive value. 


. Nutritional disorders associated with grass 


pastures include nitrate poisoning, various 
mycotoxicoses and (in horses) grass sickness. 


. In comparison with grasses, pasture legumes 


contain more protein and minerals, and starch 
in place of fructans. They are digested more 
rapidly than grasses and therefore promote 
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higher intakes. Clovers are grown with grasses, 
but other legumes, such as lucerne (alfalfa), 
are often grown alone. Shrub and tree 
legumes, such as leucaena, provide browse for 
grazing animals. 


. The disorder bloat, in which gas accumulates 


in the rumen of grazing animals, is caused by 
legumes such as the clovers that contain high 
concentrations of soluble leaf proteins and low 


QUESTIONS 


18.1 Outline the advantages and disadvantages of including legumes in mixed- 


species pastures. 


18.2 What are the main differences between tropical and temperate grass species? 
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Silage 


19.1 Silage, ensilage and silos 

19.2 Role of plant enzymes in ensilage 
19.3 Role of microorganisms in ensilage 
19.4 Nutrient losses in ensilage 

19.5 Classification of silages 

19.6 Nutritive value of silages 

19.7 Whole crop cereal and legume silages 


SILAGE, ENSILAGE AND SILOS 


Silage is the material produced by the controlled fermentation of a crop of high 
moisture content. Ensilage is the name given to the process, and the container, if 
used, is called the silo. Almost any crop can be preserved as silage, but the common- 
est are grasses, legumes and whole cereals, especially wheat and maize. 

The first essential objective in preserving crops by natural fermentation is the 
achievement of anaerobic conditions. In practice this is done by chopping the crop 
during harvesting, by rapid filling of the silo, and by adequate consolidation and seal- 
ing. The main aim of sealing is to prevent re-entry and circulation of air during stor- 
age. Where oxygen is in contact with herbage for any period of time, aerobic 
microbial activity occurs and the material decays to a useless, inedible and fre- 
quently toxic product. 

The second essential objective is to discourage the activities of undesirable micro- 
organisms such as clostridia and enterobacteria, which produce objectionable fermen- 
tation products. These microorganisms can be inhibited either by encouraging the 
growth of lactic acid bacteria or by using chemical additives. Lactic acid bacteria fer- 
ment the naturally occurring sugars (mainly glucose and fructose) in the crop to a mix- 
ture of acids, but predominantly lactic acid. The acids produced increase the hydrogen 
ion concentration to a level at which the undesirable bacteria are inhibited. The critical 
pH at which inhibition occurs varies with the dry matter content of the crop ensiled. 
The attainment of the critical pH is more difficult with crops of high buffering capacity. 
Legumes are more highly buffered than grasses and are consequently more difficult to 
ensile satisfactorily. With grass crops having a dry matter content of about 200 g/kg, the 
achievement of a pH of about 4.0 will normally preserve the crop satisfactorily, as long 
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as the silo remains airtight and is free from penetration by rain. Wet crops are very 
difficult to ensile satisfactorily and should either be prewilted under good weather 
conditions or treated with a suitable additive. Similarly, crops low in water-soluble car- 
bohydrates, and those that are highly buffered, must also be treated with an effective 
additive before ensiling. In the tropical regions, conservation of forage is difficult owing 
to the short rainy season and high temperatures. Crops have to be harvested at an 
early stage of growth and often in wet conditions. Therefore, haymaking is difficult and 
ensilage of the crop is often the only option. Tropical grasses and legumes are difficult 
to ensile as they have a low water-soluble carbohydrate content and a high buffering 
capacity. Therefore, steps must be taken to ensure satisfactory ensilage. Options include 
wilting of very wet crops, the use of acid or inoculant additives, mixing of legumes with 
cereal crops, and adding cereals or molasses at ensilage to provide a source of water- 
soluble carbohydrates. 

The types of silo in which the farmer may choose to ferment the crop are very 
varied, ranging from small plastic bags to large cylindrical towers built of concrete, 
steel or wood. In recent years the amount of silage conserved as big bales, usually 
weighing 0.5-0.75 tonnes and encased in plastic bags or wrapped in plastic film, has 
increased dramatically. Provided the bags are well sealed and not punctured during 
storage, this method of conserving grass is satisfactory. The development of effective 
chopper balers has increased the efficiency of the technique and improved the 
preservation and nutritional quality of the silage. Currently, about 20-25 per cent of 
UK silages are made by this method, but the commonest silo used is still of the 
clamp or bunker type. This generally consists of three solid walls some 2-3 m in 
height and often built beneath a Dutch barn to protect the silage from the weather. 
When full, the surface of these silos is covered with plastic sheeting and weighted 
with some suitable material such as tyres or bales of straw. 


ROLE OF PLANT ENZYMES IN ENSILAGE 


Immediately after cutting the crop and during the early stages of ensiling, chemical 
changes occur as a result of the activity of enzymes present in the plant tissue. The 
processes of respiration and proteolysis are of particular importance in influencing 
the nutritional value of the final product. 


Respiration 


Respiration may be defined as the oxidative degradation of organic compounds to 
yield usable energy. In higher plants, as in animals, oxygen is the terminal electron ac- 
ceptor. Carbohydrates are the major respiratory source and the substrate for oxida- 
tion is usually a hexose sugar, which undergoes glycolysis and subsequent oxidation 
via the tricarboxylic acid cycle to carbon dioxide and water. In the harvested plant, 
biosynthetic reactions are limited and virtually all the energy in the hexose is con- 
verted into heat. In the isolated plant this heat energy would be dissipated into the at- 
mosphere, but in the silo the heat is retained in the mass of herbage, causing an 
increase in temperature. This loss of soluble carbohydrates, through respiration, is a 
wasteful process and may result in such a depletion of substrate that subsequent fer- 
mentation may be adversely affected. Plant respiration will continue in the silo as 
long as both oxygen and a supply of substrate are available. The simplest method of 
limiting respiration is to achieve anaerobic conditions in the silo as rapidly as possible. 


19.3 


Role of microorganisms in ensilage 


Proteolysis 


In fresh herbage, 75-90 per cent of the total nitrogen is present as protein. After har- 
vesting, rapid proteolysis (hydrolysis of peptide bonds) occurs and, after a few days of 
wilting in the field, the protein content may be reduced by as much as 50 per cent. The 
extent of protein degradation varies with plant species, DM content and temperature. 
Once the material is ensiled, proteolysis continues but the activity declines as the pH 
falls. The products of proteolysis are amino acids and peptides of varying chain length. 

Further breakdown of amino acids occurs as a result of plant enzyme action, al- 
though this is considered to be limited. Most destruction of amino acids in silage is 
brought about by microbial activity rather than by plant enzymes. 


ROLE OF MICROORGANISMS IN ENSILAGE 


Aerobic fungi and bacteria are the dominant microorganisms on fresh herbage, but as 
anaerobic conditions develop in the silo they are replaced by bacteria able to grow in 
the absence of oxygen. These include lactic acid bacteria, clostridia and enterobacteria. 


Lactic acid bacteria 


The lactic acid bacteria, which are facultative anaerobes (able to grow in the pres- 
ence or absence of oxygen), are normally present on growing crops in small numbers 
but usually multiply rapidly after harvesting, particularly if the crop is chopped or 
lacerated. They can be divided into two categories: the homofermentative bacteria 
(e.g. Lactobacillus plantarum, Pediococcus pentosaceus and Enterococcus faecalis) 
and the heterofermentative bacteria (e.g. Lactobacillus brevis and Leuconostoc 
mesenteroides). When the crop is ensiled, the lactic acid bacteria continue to in- 
crease, fermenting the water-soluble carbohydrates in the crop (see p. 483) to or- 
ganic acids, mainly lactic acid, which reduce the pH value. The homofermentative 
lactic acid bacteria are more efficient at producing lactic acid from hexose sugars 
than are the heterofermentative organisms (see Table 19.1). During ensilage, some 
hydrolysis of hemicelluloses also occurs, liberating pentoses, which may be fer- 
mented to lactic and acetic acids by most types of lactic acid bacteria. 


Clostridia 


Clostridia are present on crops, but the main source in silage is soil contamination. 
They occur in the form of spores and grow only under strict anaerobic conditions. 
They can be divided into two major groups: saccharolytic clostridia and proteolytic 
clostridia. The saccharolytic bacteria (e.g. Clostridium butyricum and Clostridium 
tyrobutyricum) ferment lactic acid and residual water-soluble carbohydrates to bu- 
tyric acid, resulting in a rise in the pH. Proteolytic clostridia (e.g. Clostridium bifer- 
mentans and Clostridium sporogenes) ferment mainly amino acids to a variety of 
products, including acetic and butyric acids, amines and ammonia (see Table 19.1). 

Clostridia grow best at pH 7.0-7.4. They cannot tolerate acid conditions, and a 
pH of 4.2 is usually considered to be low enough to inhibit their growth. The nature 
of the acids responsible for lowering the pH is important, with undissociated organic 
acids being the most potent. Clostridia are particularly sensitive to water availability 
and require very wet conditions for active growth. With very wet crops (i.e. those 
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Table 19.1 Some fermentation pathways in ensilage 


Lactic acid bacteria 
Homofermentative 
Glucose — 2 lactic acid 
Fructose — 2 lactic acid 
Pentose — lactic acid + acetic acid 
Heterofermentative 
Glucose — lactic acid + ethanol + CO, 
3 Fructose — lactic acid + 2 mannitol + acetic acid + CO, 
Pentose — lactic acid + acetic acid 
Clostridia 
Saccharolytic 
2 Lactic acid — butyric acid + 2CO2 + 2H) 
Proteolytic 
Deamination 
Glutamic acid — acetic acid + pyruvic acid + NH3 
Lysine — acetic acid + butyric acid + 2NH3 
Decarboxylation 
Arginine — putrescine + CO2 
Glutamic acid — y-aminobutyric acid + CO2 
Histidine — histamine + CO 2 
Lysine — cadaverine + CO2 
Oxidation/reduction (Stickland) 
Alanine + 2 glycine — 3 acetic acid + 3NH3 + CO2 
Enterobacteria 
Glucose — acetic acid + ethanol + 2CO, + 2H) 


with a DM concentration of about 150 g/kg), even the achievement of a pH value as 
low as 4 may not inhibit their activity. Growth of clostridia is severely restricted if 
the dry matter of the ensiled material is above 300 g/kg, but complete inhibition 
may require considerably higher figures, perhaps as much as 400 g/kg. 

As well as being inimical to preservation, clostridia may be a health hazard to an- 
imals on diets based on contaminated silage. A number of cases of botulism, caused 
by Clostridium botulinum, have been reported in horses and cattle receiving such 
diets. The condition is uncommon in the UK but is more common in the USA and 
the Baltic countries. It has been claimed to be the causative organism of grass sick- 
ness of horses, although a nutritional trigger has also been postulated. 


Listeria 


Low dry matter silages contaminated with soil may also contain Listeria monocyto- 
genes, a bacterium known to be responsible for several diseases such as meningo- 
encephalitis, anterior uveitis, and placentitis and subsequent abortion in cattle. A 
number of fatalities in ruminant animals (mainly sheep) on silage diets have been 
confirmed as listerioses. Listeriosis in horses is uncommon, probably because silage 
is rarely given to horses. 

Meningoencaphalitis, abortion and fatal septicaemias of foals have been reported 
following infection with L. monocytogenes. The organism has not been isolated from 


Role of microorganisms in ensilage 


silages with a pH below 4.7. Big bale silages are particularly at risk, owing to their 
high surface area/volume ratio and consequent increased susceptibility to the ingress 
of air and mould infestation. 


Enterobacteria 


The enterobacteria associated with silage, sometimes described as “acetic acid bacte- 
ria’ or ‘coliform bacteria’, are usually present in very low numbers on crops. Unlike 
the clostridia, they are facultative anaerobes, and consequently they compete with 
the lactic acid bacteria for the water-soluble carbohydrates. They ferment these to a 
mixture of products including acetic acid, ethanol and hydrogen. Like the clostridia, 
they can decarboxylate and deaminate amino acids, with consequent production of 
large concentrations of ammonia.The optimum pH for the growth of these organisms 
is about 7.0, and they are usually active only in the early stages of fermentation, 
when the pH is favourable for their growth. Examples of species commonly found in 
silage are Escherichia coli and Erwinia herbicola. 


Bacillus species 


These species are widespread contaminants of harvested grass, but their growth in 
well-preserved silage is limited by the development of lactic acid. However, they are 
abundant in silage that has undergone aerobic deterioration. Bovine abortions have 
been attributed to the consumption of silage contaminated with Bacillus lichiniformis. 


Fungi 


Fungi, which are present in soil and on vegetation, grow either as single cells, the 
yeasts, or as multicellular filamentous colonies, the moulds. Yeasts associated with 
silages include species of Candida, Saccharomyces and Torulopsis. They play a par- 
ticularly important role in the deterioration of silage when it is exposed to air. 

The majority of moulds are strict aerobes and are active on the surface layers of 
silage. A wide variety have been isolated from different types of silage, particularly 
when aerobic decomposition has occurred. Many of them are capable of producing 
mycotoxins. Some of the commoner mycotoxergenic fungi found in silage are 
shown, along with their associated mycotoxins, in Table 19.2. 


Table 19.2 Some fungi, and their mycotoxins, found in silage 


Fungus Mycotoxin 

Penicillium roqueforti Roquefortine A, B and C; PR toxin; microfinolic 
acid; penicillic acid 

Byssochlamys nivea Patulin 

Paecilomyces viriotii Patulin 

Aspergillus clavatus Patulin; cytochanasin E; tryptoquinolins 

Aspergillus fumigatus Fumiclavines A and C; fumitoxins A, B and C; 
gliotoxin, several tremorgens 

Aspergillus flavus Aflatoxins; cyclopiazonic acid 

Fusarium culmorum Dioxynivalenol; T2 toxin; HT toxin; zearelenone 

Fusarium crookwellense Zearelenone 
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There have been relatively few cases in which mycotoxicosis has been definitively 
identified as the cause of disease in animals consuming silage or in human beings 
handling it. In part, this may be because of the ability of the rumen microbes to 
metabolise some of the toxins, as is the case with zearelenone, ochratoxin and some 
of the trichothecenes. In addition, the ruminant appears to be able to metabolise in- 
gested trichothecenes with considerable efficiency. Failure to prove a causative effect 
does not preclude the occurrence of disease at subclinical levels. Many of the proven 
effects of the mycotoxins on fertility, the immune system and the nervous system are 
long-term and may show only after continued exposure. The potential for deleterious 
effects on animals consuming spoiled silage and workers handling it does exist, as 
does the danger of transfer of the toxins into the human food chain. Silage that has 
undergone aerobic deterioration owing to mould infestation should not be given to 
animals, and workers handling such material should do so with great care. 

The achievement of adequate compaction and sealing during the making of silage 
should reduce aerobic deterioration to a minimum as long as access of air during stor- 
age is denied. This may be a particular problem with silage made in big bales. Even 
small perforations of the plastic may be very serious owing to the large surface 
area/volume ratio in the bales. Birds can be a particular problem in this respect, but net- 
ting of the bale stacks can provide an effective deterrent. The bagged silages, as distinct 
from the wrapped silages, are also susceptible at the neck, where fungal infestation 
results from an inadequate tie. 

In most cases deterioration occurs after opening of the silo and during feeding. 
Good management of the exposed surface to limit access of air is essential in the 
case of clamp and bunker silos at this time. In this context, the width of the face and 
the rate of usage of the silage will be the important factors to be taken into account. 
Silages made with additives that restrict fermentation, and that have raised pH and 
significant amounts of residual water-soluble carbohydrate, are particularly suscepti- 
ble. Some measure of protection against fungal infestation may be provided by addi- 
tives containing organic acids or their salts. 


BOX 19.1 Practical steps to ensure the successful ensilage of crops 


In order to retain the maximum amount of nutrients in the crop and to ensure a successful preser- 
vation, certain practical steps must be taken during the silage-making process. These reflect the need 
to minimise the plant enzyme activity and to promote the appropriate microbial fermentation de- 
scribed in the text: 


Cut the crop after a period of sunshine to ensure the maximum sugar content. 

Wilt to achieve a dry matter content of 250 g/kg to reduce effluent. 

Eliminate contamination with soil at all stages to avoid clostridial fermentation. 

Chop to aid compaction in the silo and exclusion of air. 

When filling the silo, prevent air movement and oxidation and heating resulting from plant 
enzyme action. 

Consolidate to expel trapped air (plant enzyme activity). 

Completely seal the silo against entry of air as soon as filling is completed to restrict plant 
enzyme activity and promote anaerobic fermentation. 

For big bales, wrap well and move and stack carefully to avoid damage to the wrap and entry of air. 
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NUTRIENT LOSSES IN ENSILAGE 


Field losses 


With crops cut and ensiled the same day, nutrient losses are negligible and even over 
a 24-hour wilting period losses of dry matter of not more than 1-2 per cent may be 
expected. Over periods of wilting longer than 48 hours, considerable losses of nutri- 
ents can occur, depending upon weather conditions. Dry matter losses as high as 6 
per cent after 5 days and 10 per cent after 8 days of wilting in the field have been re- 
ported. The main nutrients affected are the water-soluble carbohydates and proteins, 
which are hydrolysed to amino acids. 


Oxidation losses 


These result from the action of plant and microbial enzymes on substrates, such as 
sugars, in the presence of oxygen, with the concomitant formation of carbon dioxide 
and water. In a silo that has been rapidly filled and sealed, the oxygen trapped within 
the plant tissues is of little significance and causes dry matter losses of about only 
1 per cent. Continuous exposure of herbage to oxygen, as sometimes occurs on the 
sides and upper surface of ensiled herbage, leads to the formation of inedible com- 
posted material. Measurements of this as surface waste can be misleading, since 
losses of dry matter of up to 75 per cent can occur in its formation, and the visible 
waste is only a small part of the lost material. Such losses may be particularly impor- 
tant when silage is made in big bales, owing to the high surface area/weight ratio and 
the vulnerability of the bales to air penetration. 


Fermentation losses 


Although considerable biochemical changes occur during fermentation, especially to 
the soluble carbohydrates and proteins, overall dry matter and energy losses arising 
from the activities of lactic acid bacteria are low. Dry matter losses can be expected to 
be less than 5 per cent and gross energy losses, because of the formation of high-energy 
compounds such as ethanol, are even less. In clostridial and enterobacterial fermenta- 
tions, nutrient losses will be much higher than in lactic acid bacterial fermentations be- 
cause of the evolution of the gases carbon dioxide, hydrogen and ammonia. 


Effluent losses 


In most silos, free drainage occurs and the liquid, or effluent, carries with it soluble 
nutrients. The amount of effluent produced depends largely upon the initial moisture 
content of the crop. Several equations, based on the dry matter of the ensiled mate- 
rial, have been suggested for estimating effluent loss. Typical is that of Bastiman: 


V. = 767 — 5.34D + 0.00936D7 


where V, = volume of effluent produced (litre/t of herbage) and D = dry matter con- 
tent of herbage (kg/t). 

As well as dry matter, factors such as type of silo, degree of consolidation and the 
nature and pretreatment of the crop all affect effluent loss, but this will be increased 
if the silo is left uncovered so that rain enters. Effluent contains sugars, soluble 
nitrogenous compounds, minerals and fermentation acids, all of which are valuable 
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Table 19.3 Energy losses in the preservation of grass as silage 


Process Classified as Approximate Causing factor 
loss (%) 
Residual respiration Unavoidable 1-2 Plant enzymes 
Fermentation Unavoidable 2—4 Microorganisms 
Effluent or field losses Mutually unavoidable 5->7 or 2->5 DM content, weather, 
by wilting technique, management, crop 
suitability 
Secondary fermentation Avoidable 0->5 Crop suitability, environment 
in silo, DM content 
Aerobic deterioration Avoidable 0->10 Filling time, density, silo, 
during storage sealing, crop suitability 
Aerobic deterioration after Avoidable 0->15 As above, DM content silage, 


unloading (heating) 


unloading technique, season 
Total 7->40 


After Zimmer E 1980 British Grassland Society Occasional Symposium No. 11 Brighton 1979 pp. 186-97. 
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nutrients. Ensiling crops with a dry matter content of about 150 g/kg may result in 
effluent dry matter losses as high as 10 per cent. With crops wilted to about 300 g/kg 
DM, there may be little or no effluent loss. 

A summary of the potential losses of energy occurring from cutting the crop 
through to feeding out the silage is shown in Table 19.3. 


CLASSIFICATION OF SILAGES 


Silages may be classified into two main categories, naturally fermented and additive- 
treated. These may be further subdivided as shown in Fig. 19.1. 
Naturally fermented silages 


Well-preserved unwilted silages 


In this type of silage, commonly made from grasses and whole cereal crops, lactic acid 
bacteria have dominated the fermentation. A typical composition is shown in Table 19.4. 


Silage 
Naturally fermented Additive-treated? 
r—— — ee l 
Well-preserved Badly preserved Stimulants Inhibitors 
uma Wilted Sugars Formic acid 
Lactic acid bacteria Sulphuric acid 


Enzymes Formaldehyde 


Fig. 19.1 Classification of silages. 


aOnly a few commonly used examples are given. 


Classification of silages 


Table 19.4 Typical composition of well-preserved silages made from perennial 
ryegrass? and maize 


Grass silages Maize silage 
Unwilted Wilted 
DM (g/kg) 186 316 285 
pH 3.9 4.2 3.9 
Total N (g/kg DM) 23.0 22.8 15.0 
Protein N (g/kg TNb) 235 289 545 
Ammonia N (g/kg TN) 78 79 63 
WSC: (g/kg DM) 10 47 16 
Starch (g/kg DM) = = 206 
Acetic acid (g/kg DM) 36 24 26 
Butyric acid (g/kg DM) 1.4 0.6 0 
Lactic acid (g/kg DM) 102 59 53 
Ethanol (g/kg DM) 12 6.4 <10 


*Both ryegrass silages made from the same ryegrass source. 

bTN = total nitrogen. 

“WSC = water-soluble carbohydrates. 

Adapted from Donaldson E and Edwards R A 1976 Journal of the Science of Food and Agriculture 27: 


536-44; and Wilkinson J M and Phipps R H 1979 Journal of the Science of Food and Agriculture, 
Cambridge 92: 485-91. 


These silages are characterised by having low pH values, usually between 3.7 and 4.2, 
and containing high concentrations of lactic acid. In grass silages, the lactic acid contents 
generally lie in the range 80-120 g/kg DM, although higher amounts may be present if 
silages are made from wet crops rich in water-soluble carbohydrates. In maize silages, 
lactic acid contents are usually much lower than those of well-preserved grass silages 
because of the higher DM content and lower buffering properties of the original crop. 

The silages usually contain small amounts of acetic acid and may also contain traces 
of propionic and butyric acids. Variable amounts of ethanol and mannitol derived from 
the activities of lactic acid bacteria and yeasts are present. Only very small quantities of 
water-soluble carbohydrates remain after fermentation, usually less than 20 g/kg DM. 

The nitrogenous components of well-preserved silages are mainly in a soluble non- 
protein form in contrast to those present in fresh forage crops, where most of the total 
nitrogen (TN) is present as protein. Some deamination of amino acids may occur during 
fermentation, but this activity is likely to be low and consequently the ammonia con- 
tent of these silages will also be low, usually less than 100 g NH; nitrogen/kg TN. 

Because of the extensive changes to the water-soluble carbohydrates resulting in the 
formation of high-energy compounds such as ethanol (gross energy = 29.8 MJ/kg), the 
gross energy concentrations of these silages are higher than those of the parent material. 


Well-preserved wilted silages 


Wilting a crop before ensiling restricts fermentation increasingly as dry matter con- 
tent increases. In such wilted silages, clostridial and enterobacterial activities are 
normally minimal, although some growth of lactic acid bacteria occurs, even in 
herbage wilted to dry matter contents as high as 500 g/kg. With very dry silages of 
this type, anaerobic storage in bunker silos is difficult and tower silos are preferred 
because there is less risk of air penetration. For bunker-type silos, a more normal aim 
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is to prewilt the crop to a dry matter content of 280-320 g/kg. The composition of a 
typical wilted grass silage is shown in Table 19.4. In general, fermentation is re- 
stricted as dry matter content increases, and this is reflected in higher pH and solu- 
ble carbohydrate values, and in lower levels of fermentation acids. Wilting does not 
prevent proteolysis occurring, but if it is carried out rapidly, under good weather 
conditions, then deamination of amino acids will be reduced. The gross energy con- 
tents are normally similar to those of the parent material. 


Badly preserved silages 


The term ‘badly preserved silages’ refers to silages in which either clostridia or entero- 
bacteria, or both, have dominated the fermentation. It does not include those silages 
that have deteriorated as a result of oxidation. Such aerobically deteriorated mate- 
rial is liable to be toxic and should never be offered to animals (see above). 

Badly preserved silages are frequently produced from crops that either are ensiled 
at too high a moisture content or contain low levels of water-soluble carbohydrates. 
They may also be produced if the ensiled forage is deficient in lactic acid bacteria. 
The composition of two typical badly preserved silages, one made from cocksfoot 
and one from lucerne, both low in dry matter and water-soluble carbohydrates, is 
shown in Table 19.5. 

In general, silages of this type are characterised by having high pH values, usually 
within the range 5.0-7.0. The main fermentation acid present is either acetic or 
butyric acid. Lactic acid and residual water-soluble carbohydrates are present in 
low concentrations or are absent. The ammonia nitrogen levels are usually above 
200 g/kg TN. This ammonia, which is derived from the catabolism of amino acids, is 
accompanied by other degradation products such as amines and various keto acids 
and fatty acids (see Table 19.1). 


Additive-treated silages 


Silage additives can be classified into two main types: fermentation stimulants, such 
as sugar-rich materials, inoculants and enzymes, which encourage the development 
of lactic acid bacteria; and fermentation inhibitors, such as acids and formalin, which 
partially or completely inhibit microbial growth. 


Table 19.5 The composition of two badly preserved silages made from 
either cocksfoot (Dactylis glomerata) or lucerne (Medicago sativa) 


Cocksfoot Lucerne 
pH 5.4 7.0 
DM (g/kg) 162 131 
Total N (g/kg DM) 37 46 
Protein N (g/kg TN) 302 260 
Ammonia N (g/kg TN) 323 292 
WSC (g/kg DM) 4 nil 
Acetic acid (g/kg DM) 37 114 
Butyric acid (g/kg DM) 36 8 
Lactic acid (g/kg DM) 1 13 


Adapted from McDonald P, Henderson A R and Heron S J E 1991 The Biochemistry of Silage, 
Marlow, Chalcombe Publications, p. 271. 


Classification of silages 


Fermentation stimulants 


Molasses, which is a by-product of the sugar beet and sugarcane industries (see p. 536), 
was one ol the earliest silage additives to be used as a source of sugars. The by-prod- 
uct has a water-soluble carbohydrate content of about 700 g/kg DM; the additive has 
been shown to increase the dry matter and lactic acid contents, and to reduce the pH 
and ammonia levels in treated silages. 

It was originally considered that, provided the general principles of silage making 
were adhered to, the natural lactic acid bacterial population on an ensiled crop 
would be sufficient to ensure a satisfactory fermentation. However, it is now known 
that growing crops are often poor sources of lactic acid bacteria and that some 
strains of these organisms are not ideally suited for ensiling purposes. A number of 
commercial inoculants containing freeze-dried cultures of homofermentative lactic 
acid bacteria are available and some of these have proved effective in improving 
silage fermentation. Successful control of fermentation, using these inoculants, de- 
pends upon a number of factors, including the inoculation rate, which should be at 
least 10° (but preferably 10°) colony-forming units (cfu)/g fresh crop, and the pres- 
ence of an adequate level of fermentable carbohydrates. The rapid domination of the 
fermentation by homolactic bacteria ensures the most efficient use of the water-soluble 
carbohydrates and, when levels of these in the crop are critical, increases the chances 
of producing a well-preserved silage. An illustration of the beneficial effects of a 
mixture of two homofermentative strains of lactic acid bacteria on the fermentation 
of an ensiled ryegrass crop is shown in Table 19.6. 

When compared with the untreated control silage, the inoculated material had a 
lower pH, higher concentrations of water-soluble carbohydrates and lactic acid, and 
lower concentrations of acetic acid and ethanol. 


Table 19.6 Composition and nutritive value of grass silages inoculated 
with lactic acid bacteria compared with an untreated control 


Untreated Inoculated? 
DM (g/kg) 168 181 
pH 4.6 4.1 
Total N (g/kg DM) 33 32 
Protein N (g/kg TN) 386 407 
Ammonia N (g/kg TN) 130 88 
WSC (g/kg DM) 0 20 
Acetic acid (g/kg DM) 46 30 
Butyric acid (g/kg DM) 5 5 
Lactic acid (g/kg DM) 59 84 
Ethanol (g/kg DM) 13 7 
DM digestibility? 0.74 0.77 
ME (MJ/kg DM) 11.4 12.5 
Silage DM intake (g/day?) 681 792 
Liveweight gain (g/day?) 71 129 


Lactobacillus plantarum + Pediococcus pentosaceus (10° colony-forming units/g). 
Using lambs. 


Adapted from Henderson A R, Seale D R, Anderson D H and Heron S J E 1990 In: 
Proceedings of the Eurobac Conference, Uppsala, August 1986, pp. 93-8. 
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Some commercial silage additives now contain enzymes along with an inoculum 
of suitable strains of lactic acid bacteria. The enzymes are usually cellulases and 
hemicellulases, which degrade the cell walls of plants, thus releasing sugars, which 
are then available for fermentation by the lactic acid bacteria. The enzymes appear 
to be most effective when added to young herbage ensiled at low dry matter content. 


Fermentation inhibitors 


A large number of chemical compounds have been tested as potential fermentation in- 
hibitors, but very few have been accepted for commercial use. One of the earliest was 
a mixture of mineral acids proposed by A I Virtanen, the technique being referred to as 
the AIV process. The acids, usually hydrochloric and sulphuric acids, were added to the 
herbage during ensiling in sufficent quantity to lower the pH value below 4.0. This 
process was for many years very popular in the Scandinavian countries and, if carried 
out effectively, is a very efficient method of conserving nutrients. In recent years, how- 
ever, formic acid has largely replaced mineral acids in Scandinavia, and this organic 
acid, which is less corrosive than mineral acids, has also been accepted as an additive 
in many other countries. In the UK, it is commonly applied in the form of an aqueous 
solution of ammonium tetraformate. The recommended application rate varies in the 
range 2.5-5 I/tonne of fresh crop, depending on the dry matter content of the crop. 
Complete inhibition of microbial growth does not take place, some lactic acid fermen- 
tation occurring. The beneficial effects of formic acid on the fermentation characteris- 
tics of crops low in water-soluble carbohydrates, such as legumes and grasses, have 
been well established and are shown in Table 19.7. 


Table 19.7 Composition and nutritive value of grass silages treated with two 
different additives 


Untreated Formic acid? Sulphuric acid + 
formalin? 
DM (g/kg) 181 184 176 
pH 3.8 3.7 4.0 
Total N (g/kg DM) 27 23 25 
Protein N (g/kg TN) 400 490 509 
Ammonia N (g/kg TN) 65 49 44 
WSC (g/kg DM) 7 84 81 
Acetic acid (g/kg DM) 34 15 25 
Butyric acid (g/kg DM) 0.02 0.03 0.21 
Lactic acid (g/kg DM) 98 44 64 
Ethanol (g/kg DM) 7 9 18 
DM digestibility° 0.74 0.74 0.72 
ME (MJ/kg DM) 12.1 11.3 10.3 
Silage DM intake (g/day°) 1020 1106 1020 
Liveweight gain (g/day°) 200 231 236 


93.4 I/tonne of 85 per cent formic acid. 
b4.6 I/tonne containing 15 per cent sulphuric acid and 23 per cent formaldehyde. 
“Using sheep. 


Adapted from Henderson A R, McDonald P and Anderson D H 1982 Animal Feed Science and 
Technology 7: 303-14. 
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Formalin, a 40 per cent solution of formaldehyde in water, has been used as a fer- 
mentation inhibitor. It is applied either on its own or more effectively with an acid 
such as sulphuric or formic acid. Typical results of a sulphuric acid/formalin mixture 
applied to ryegrass at the rate of 4.6 l/tonne are shown in Table 19.7; the formalde- 
hyde combines with the protein, protecting it from hydrolysis by plant enzymes and 
microorganisms in the silo. The acid in the mixture acts as a fermentation inhibitor, 
preventing, in particular, the development of undesirable bacteria in the silage. For- 
malin is now used only in conjunction with formic acid, which has proved to be more 
effective than sulphuric acid. In Europe, the use of formaldehyde as an additive has 
been banned owing to concern about its carcinogenic properties. 


NUTRITIVE VALUE OF SILAGES 


The nutritional value of a silage depends first upon the species and stage of growth 
of the harvested crop (see Chapter 18), and second upon the changes resulting from 
the activities of plant enzymes and microorganisms during the harvesting and stor- 
age period. 


Energy 


Gross energy 


Owing to the production during ensilage of high-energy compounds, silages tend to 
have higher gross energy values than the materials from which they were made. The 
magnitude of the increase will depend upon the degree of fermentation which has 
occurred during ensiling. This is well illustrated by the data in Table 19.8. 

In each case, ensilage has resulted in an increase in gross energy, but this is smaller 
for the prewilted and additive-treated materials. 


Metabolisable energy 


The energy requirements of ruminant animals and the energy values of foods are cur- 
rently expressed in the UK in terms of metabolisable energy (see Chapters 11 and 12). 

Faecal losses of energy when silages are consumed by animals usually lie between 
25 and 35 per cent and are mainly dependent upon the nature of the source mate- 
rial. The effects of the ensiling process on energy losses in the faeces are generally 


Table 19.8 Gross energy contents (MJ/kg DM) of silages and the grasses from 
which they were made 


No. Gross energy Standard Increase (%) 
deviation (+/—) 
Grasses 18 18.3 0.68 
Lactate silages 18 20.0 1.06 9.0 
Grasses 7 18.4 0.45 
Wilted silages 7 19.1 0.40 3.8 
Grasses 7 18.7 0.45 
Additive-treated silages 7 20.0 0.95 7.0 
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considered to be small. However, when the prewilting period is prolonged, and espe- 
cially when accompanied by adverse conditions such as high winds and intermittent 
rain, they may be increased by as much as 8 per cent. It has been claimed that the 
use of formic acid as an additive in silage making has reduced faecal losses of energy 
by up to 7 per cent, but most work shows the reduction to be in the range of 0-2 per 
cent. Formaldehyde, used as an additive at the rate of 6.4 l/tonne of fresh grass, has 
been shown to reduce the digestibility of energy by 4-5 percentage units. 

Losses of energy in urine, on silage diets, are variable, ranging from 3 to 7 per cent 
of the gross energy. For most silages, a value of about 5 per cent would appear to be ac- 
ceptable. The major determinant of urinary energy loss appears to be the intake of ni- 
trogen. Following an intake of silage, the concentration of ammonia in rumen contents 
rises sharply. It is generally considered that when the concentration exceeds 150 mg/l, 
the rumen microorganisms cannot fully utilise the nitrogen and the excess is lost as 
urea. It is important that a readily available source of energy is provided along with the 
silage at this time if the rumen microorganisms are to make full use of the ammonia 
and thus reduce potential loss of energy and nitrogen to the animal. 

The most comprehensive studies involving energy losses as methane were those 
carried out at the Rowett Research Institute (see Further reading). For 48 silages, 
mean energy loss as methane was 7.7 per cent of the gross energy, with a standard 
deviation of 0.71. 

In practice, the metabolisable energy contents of silages vary widely, and it would 
be very unwise to rely on an average figure for silages of any one class and even 
more so for individual materials. For over 2000 samples of farm grass silages 
analysed at the Scottish Agricultural College in the 2008-09 season, the range of 
metabolisable energy contents was 6.6-12.3 MJ/kg DM. 

Routine determination of the ME of silages is frequently based on determination 
of organic matter digestibility and an assumed relationship between digestible or- 
ganic matter and metabolisable energy. A comparison of some common methods of 
estimating the organic matter digestibility of silage is given in Table 19.9. Clearly the 
NIRS method performs better than the chemical predictors, and even the in vitro 
technique, and it is now routinely used by the advisory services in the UK to assess 
the nutritive value of silages. 


Table 19.9 Comparison of several laboratory methods for predicting the organic 
matter digestibility in vivo of grass silage 


Method Validation statistics? 

R? SEP Slope Bias 
NIRS (8-term) 0.76 2.6 0.93 —0.79 
In vitro OMD? 0.64 3.6 0.89 1.85 
Pepsin—cellulase 0.40 4.7 0.71 2.33 
Modified acid-detergent fibre 0.20 5.1 0.52 —0.59 
Acetyl bromide lignin 0.14 5.3 0.48 1.18 


aR? = proportion of variation explained by the regression equation; SEP = standard error of 


prediction (%). 
bOMD = organic matter digestibility. 


After Barber et al. 1990 Animal Feed Science and Technology 28: 115-28. 


Nutritive value of silages 


The following equation is typical of the type of relationship with digestible or- 
ganic matter in dry matter (DOMD), which is used for calculating metabolisable 
energy: 


ME (MJ/kg DM) = DOMD (g/kg DM) x 0.016 


which assumes an energy loss in urine and methane of 15 per cent of the gross en- 
ergy, assumed to be 18.4 MJ/kg DM. For silages, this factor is likely to underestimate 
metabolisable energy owing to the higher gross energy content of their dry matter. 


Net energy 


The net energy value of silages, like that of other foods, is related to metabolisable 
energy by efficiency factors (k factors; see p. 271). For maintenance, the efficiency of 
utilisation of metabolisable energy in good-quality silages (ME/GE qm = 0.56 — 0.70) 
has been found to vary over a narrow range of km = 0.68 — 0.71. As with other for- 
ages, efficiency of utilisation of silage metabolisable energy for growth and fattening 
is lower and more variable (k, = 0.21 — 0.61; approximate mean 0.45). Calorimetric 
measurements of the efficiency of utilisation of silage metabolisable energy for lacta- 
tion are few in number, but they lie in the range 0.53-0.58 and are therefore lower 
than the commonly assumed value of 0.62. 

In practice, most estimates of the productive potential of silages are based on k 
values calculated from the metabolisable energy concentration of the dry matter of 
the diet. A typical equation is that currently used in the UK for estimating kq: 


k; = 0.78qm + 0.006 


This is based on calorimetric data and is derived from a general and not a silage 
population. Frequently, an assumed value of 18.4 MJ/kg DM is used for GE in calcu- 
lating qm. This is acceptable for the general run of foods but is clearly inappropriate 
for the majority of silages. Thus, for a silage with a metabolisable energy content of 
10.5 MJ/kg DM, the calculated value for k; would be 0.45, assuming a gross energy 
content of 18.4, but 0.42, assuming a value of 19.6, which would be more appropri- 
ate for silage. Estimates of the productive potential of silages based on experimen- 
tally determined or book metabolisable energy values frequently appear to be 
optimistic and this may, in part, be due to a failure to use an appropriate figure for 
GE in such equations. 


Protein 


The process of ensilage results in proteolysis and an increase in the proportion of am- 
monia nitrogen and free -amino acid nitrogen in the silage compared with the origi- 
nal material. The proportion of potentially degradable nitrogen is reduced whereas the 
undegradable nitrogen, that associated with the cell walls, remains almost unchanged. 
Overall, there is an increase in the nitrogen that is readily available to the rumen mi- 
crobes and that may be regarded as rapidly degraded. 

Prewilting, and the use of formic acid or formaldehyde as an additive in ensilage, 
will reduce the extent of proteolysis and give silages with lower contents of both am- 
monia nitrogen and free a-amino acid nitrogen, and will reduce the rate of degrada- 
tion of the nitrogen fraction. The use of bacterial inoculants and enzyme preparations as 
additives will increase proteolysis and result in silages of higher effective degradability. 
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Table 19.10 Variation in rumen degradability of the protein of silages 


Material No. Mean Standard Coefficient of 95% confidence 
degradability deviation variation (%) limits 

Pit, 1st cut 374 0.73 0.05 6.9 0.63-0.83 

Pit,2ndcut 172 0.71 0.04 5.6 0.63-0.79 

Bale 15 0.74 0.05 6.8 0.64-0.84 


After Weddell J R, Scottish Agricultural Colleges. 


The reduction in degradation rate will be beneficial with regard to nitrogen capture by 
the rumen microbes and will reduce energy losses in urea. In the case of formalde- 
hyde, the beneficial effect in reducing degradability is accompanied by a lowered 
digestibility in the lower gut. This may be significant when high levels of the additive 
are used. 

Nitrogen degradability values for silages show great variability, as illustrated in 
Table 19.10, and the use of tabulated values to characterise individual samples may 
lead to unacceptable errors in ration formulation. 

The highly degradable nature of the nitrogen in most silages points to the need 
for adequate supplementation of silage-based diets with a readily available supply 
of carbohydrate, so that the rumen microbes can cope with the rapid influx of am- 
monia following an intake of silage and so maximise the synthesis of microbial 
protein and minimise the loss of both nitrogen and energy. Silages, despite their 
high gross energy contents, are generally considered to be poor sources of energy 
for the microbes. This is recognised in the UK Metabolisable Protein System (see 
Chapter 13), where the metabolisable energy associated with fermentation acids 
produced during ensilage is discounted to give the fermentable metabolisable en- 
ergy (FME) that the rumen microbes can use. Similarly, in the Feed into Milk (FiM) 
system, for the calculation of the effectively degraded dry matter, the total fatty 
acids are subtracted from the soluble components so that they are discounted in 
the calculation of ATP yield for microbial synthesis. Silage-based diets must, there- 
fore, contain a supplemental source of energy to maximise the utilisation of the ni- 
trogen of the diet. The addition of starch and certain sugars has been shown to 
increase microbial protein synthesis in the rumen. A similar increase has been ob- 
tained by supplementing silage diets with soya bean meal, presumably by making 
amino nitrogen available to rumen microorganisms otherwise dependent upon am- 
monia as their main source of nitrogen. 

In general, the degradability of silage nitrogen is high, with most figures in the 
range of 75-85 per cent. Effective rumen degradability figures for various silages at 
different outflow rates are given in Appendix 2, Table A.2.2.1. As previously indi- 
cated, such figures should be used only when valid estimates of degradability are not 
available, e.g. those based on NIRS (see Chapter 13). 


Dry matter intake 


The major determinant of nutrient intake on a silage diet is not the concentrations of 
the various nutrients the silage contains but the amount of it that is eaten. A number 
of factors have been shown to affect dry matter intake (see Chapter 17). We are here 


Nutritive value of silages 


concerned with the silage characteristics that affect intake, and particularly those 
that may be used to give valid prediction of its potential intake. Among the charac- 
teristics that have been shown to be related to intake are: 


pH; 

buffering capacity; 

lactate (g/kg DM); 

acetate (g/kg DM); 

butyrate (g/kg DM); 

ammonia nitrogen (g/kg TN); 
digestible organic matter (g/kg DM); 
rate of digestion; 

fibre (g/kg DM). 


A number of these factors interact. Thus, the organic acids contribute to the acidity 
and to the buffering capacity of the silage, and their effects on intake will be re- 
flected in the effect of these two parameters. Similarily, high fibre concentrations, re- 
flecting the maturity of the crop, are associated with poor digestibility, slow rates of 
digestion and low intakes. However, if oxidation losses are high, there will be an in- 
crease in fibre content. Thus, we may be faced with similar levels of fibre of a very 
different kind — one due to maturity of the crop and the other due to a concentration 
effect. The effect on dry matter intake will be different in each case. The complicated 
nature of the problem is highlighted further by pH. Here, the relationship with 
intake is not linear. Low pH reduces intake but so does high pH, the latter reflecting 
the influence of the concentration of ammonia nitrogen in decreasing intake while 
increasing pH. 

There is general acceptance of dry matter, digestible organic matter and ammonia 
nitrogen as the major determinants of silage dry matter intake, and it behoves the 
silage maker to optimise fermentation and to minimise secondary fermentation, 
clostridial activity and aerobic deterioration if satisfactory intakes of the product are 
to be achieved. 

For the ration formulator, the problem is to predict how much silage dry matter a 
particular animal will consume, so that its contribution to the animal’s nutrient re- 
quirements can be calculated. The traditional approach to the problem has been to 
use regression equations based on one or more of the parameters listed above. Typi- 
cal is the following equation (Lewis 1981) predicting the potential intake of silage 
dry matter (J) by dairy cattle: 


I (g/kg W®75/day) = (0.103 x DM) + (0.0516 x DOMD) - (0.05 x NH3-N) + 45 


where DM = dry matter (g/kg), DOMD = digestible organic matter (g/kg DM), and 
NH3-N = ammonia nitrogen (g/kg total nitrogen). 

Such equations have worked well in practice, but published work would suggest 
that the use of NIRS for predicting intake significantly improves prediction. A com- 
parison of some methods of prediction is given in Table 19.11. 

Similar findings have been obtained by other workers, who quote a standard 
error of prediction of 4.7 g/kg W°-”> and an RŽ value of 0.79 from using an NIRS 
technique for estimating silage dry matter intake in beef cattle. 

Such estimates of silage dry matter intake have to be modified in the light of various 
factors, such as the class of animal to which it is to be offered, the level of concentrate 
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Table 19.11 Comparison of the accuracy of some methods of predicting silage dry 
matter intake (expressed as the standard error of cross validation, g/kg metabolic 
liveweight per day) 


Method Lambs Cows 
Best equation based on traditional laboratory determinations (basal) 0.81 7.3 
Basal + fermentation values (HPLC*) 0.81 7:3 
Basal + fermentation values (ET”) 0.75 5.9 
NIRS on silage DM 0.52 5.1 
NIRS on wet silage 0.56 2.5 


@HPLC = high-pressure liquid chromatography. 
bET = electrometric titration. 


After Offer N W et al. 1998 Animal Science 66: 357-67. 


supplementation, the level of production, feeding technique and environmental fac- 
tors. For example, the equation for calculating I above is expanded for use with mixed 
diets as follows: 


SDMI(kg/day) = (1.0681 — 0.002447/C — 0.00337C? — 10.9)W°®79/1000 
+ 0.00175Y? 


where C = concentrate dry matter intake (g/kg W-”°/day) and Y = milk yield (kg/day). 
The UK Agricultural and Food Research Council proposed in 1992 the following 
equation for predicting the intake of silage by cattle: 


SDMI(kg/day) = —3.74 — 0.387C + 1.48(F + P) + 0.0066W, 
+ 0.0136(DOMD) 


where F + P = yield of fat and protein (kg/day), W, = weight of the cow in the week 
under consideration, C = concentrate dry matter (kg/day), and DOMD = digestible 
organic matter (g/kg DM). 

The equation is claimed to be more accurate overall than the Lewis equation. More 
recently, a two-stage approach, similar to that of Lewis, has been adopted by FiM. 
Near-infrared reflectance spectroscopy is used to predict the forage intake potential 
(FIP), i.e. the intake of the silage when fed alone. Then the total dry matter intake 
(TDM) is predicted using FIP (g/kg W°-”), the concentrate dry matter intake (CDMI, 
kg/day), the condition score of the cow (CS), the weight of the cow (W, kg), the milk 
energy output (E; MJ/day), the week of lactation (WOL), the forage starch concentra- 
tion (FS, g/kg DM) and the crude protein content of the concentrate (CCP, g/kg DM): 


TDMI (ke/day) = —7.98 + 0.1033FIP — 0.00814(FIP x CDMI) — 1.1185CS 
+ 0.01896W + 0.7343CDMI — 0.00427CDMI? + 0.04767E, 
— 6.45(0.6919%OoL) + 0.007182FS + 0.001988CCP x CDMI 


The intake potential of silages in horses has received less attention than that for rumi- 
nants. Horses consume high dry matter content silages and haylages well with daily 
dry matter intakes of around 60-100 g/kg W°:”>. Low dry matter silages are not so 
well consumed and dry matter intake may be only half of that of drier silages. 


19.7 


Whole crop cereal and legume silages 


However, this effect is not due to the dry matter content alone, since low dry matter 
silages made from clover and lucerne have higher dry matter intake characteristics 
than grass silages of the same dry matter content. Dry matter intake is also related to 
nutrient requirements, with working horses showing higher intakes than those at 
maintenance. 


WHOLE CROP CEREAL AND LEGUME SILAGES 
Wheat, barley and oat silage 


The aim of preserving cereals as whole crop silage is to harvest the crop when the 
yield of digestible nutrients is at the maximum. As the crop matures the nutrients in 
the grain increase as more starch is deposited but the digestibility of the straw de- 
creases. There is an optimum point where the yield from the grain and the straw 
combined reach a maximum. For barley this occurs when the grain is at the firm 
dough stage and is hard. However, by this time, the moisture content of the crop is 
rapidly decreasing and consolidation of the material in the silo can be difficult, re- 
sulting in the possibility of poor fermentation. In addition, the hard grains are not 
broken sufficiently by cattle during chewing, and this leads to a waste in the form of 
undigested grains passing out in the faeces. Therefore, traditionally, whole crop bar- 
ley, wheat and oat silages are made at a dry matter content of 250-450 g/kg while 
the crop is still mainly green and the grains are at the milky/soft cheese stage. This 
produces a material that ferments well; the grains are efficiently digested and the 
metabolisable energy content is similar to grass silage, but the starch content is 
higher and the crude protein content is lower. 

As discussed above, the yield of dry matter and nutrients increases beyond this 
stage. To avoid fermentation problems, whole crop cereal silages have been made at 
a dry matter of 500-600 g/kg using urea as an additive. This is converted to ammo- 
nia, which preserves the material. However, the problem of undigested grains still 
persists, leading to disappointing metabolisable energy values for this material. Also, 
as some of the material is still green at this stage, there was concern that the ammo- 
nia might react with sugars producing compounds called imidazoles, which have ef- 
fects on the brain (see ammonia treatment of hay in Chapter 20). More recently, the 
problem of unbroken grains has been overcome by harvesting the crop with a forage 
harvester fitted with a grain processor to produce the material known as cracked 
whole crop silage. In this way, the crop can be harvested when near to ripe, the grains 
are full and the dry matter content is 650-800 g/kg. To ensure satisfactory preserva- 
tion and prevention of deterioration when the silage face is exposed to the air, when 
the silo is opened, the material must be treated with an additive. There are two com- 
mon alternatives: for the lower dry matter content material (around 650-750 g/kg), 
an inoculant can be used that multiplies in the silo to produce acids to reduce the pH 
and metabolites that have mould-inhibiting properties to prevent aerobic deteriora- 
tion. Crops at a higher dry matter content (above 700 g/kg) can be treated with urea. 
For successful preservation, it is essential that a source of the enzyme urease is in- 
cluded to ensure that the urea is rapidly converted to ammonia after incorporation 
into the crop during ensilage. If any acidic fermentation occurs and there is little 
urease present, the urea remains unchanged. Unlike other silages, which are acidic, 
this material is alkaline. The typical composition of whole crop cereal silages is 
shown in Table 19.12. 
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Table 19.12 Typical composition of whole crop cereal silages 


DM (g/kg) CP (g/kg DM) Starch (g/kg DM) ME (MJ/kg DM) 


Fermented whole crop 


Barley 300 95 150 10.0 
Wheat 400 95 200 10.5 
Maize 280 90 250 11.0 
Cracked whole crop 

Barley 700 85 260 10.0 
Wheat 700 85 300 10.5 
Wheat + urea 750 130 280 10.8 


Maize silage 


The digestibility of the whole maize plant does not alter as the plant matures to the 
extent seen in the small grain cereals. This allows a wider period for harvesting, with 
the grains ranging from the milky to the hard dough stage and the dry matter con- 
tent ranging from 250 g/kg to 320 g/kg. The stem of the green crop contains a high 
level of sugars, which provide a satisfactory lactic acid fermentation in the silo. 
Maize has a lower buffering capacity than grass, and a satisfactory lower pH is more 
easily attained. The crop should not be left to mature beyond the hard dough stage 
because it becomes difficult to compact at high dry matter contents and the hard 
grains will not be broken and digested efficiently by cattle. In the past it was sug- 
gested that to aid compaction, the chop length should be short, at around 7-15 mm, 
but more recently it has been recommended that a chop length of up to 20 mm is 
used so that the particles stimulate rumination more effectively. Although maize 
silage ferments well, it is prone to aerobic deterioration when the silo face is ex- 
posed. For this reason, a long, narrow silage pit is ideal, since the material in the 
clamp face will be used rapidly. 


Whole crop legume silage 


Whole crop legumes have comparable metabolisable energy values to whole crop ce- 
reals but substantially higher crude protein contents. Thus, they are valuable compo- 
nents of the ration to balance cereal silages. However, the nature of the legume crop 
presents challenges to successful ensilage. They have low soluble carbohydrate con- 
tents, and thus acid production can be limited and the proteins are prone to exten- 
sive degradation. The leaves become brittle when wilted and can shatter, causing 
high field losses of nutrients. Peas are harvested for whole crop silage when the pods 
are filling. The crop can be cut and wilted to around 300 g dry matter/kg and picked 
up with a forage harvester or cut directly with a forage harvester after treatment 
with a dessicant. Beans are harvested when the pods are fully developed and the fo- 
liage is still green. As with peas, they can be wilted or treated with a dessicant. 
Lupins are harvested when the pods are full and the foliage is turning yellow. Again, 
they should be wilted before ensilage. 


SUMMARY 


1. Silage is the material produced by controlled 
fermentation of a crop of high moisture con- 
tent. Ensilage is the name given to the 
process. 


2. Ensilage is succesful if the activities of un- 
desirable organisms and the production of 
objectionable fermentation products are 
minimised, which is achieved by encouraging 
the growth of lactic acid bacteria, which 
lower the pH of the mass. 


3. Stability of the preserved mass is maintained 
by compaction and by efficient sealing of 
the silo. 


4. In recent years, preservation in big bales has 
increased greatly at the expense of the more 
common bunker silo. 


5. Asa result of the activity of plant enzymes, 
water-soluble carbohydrates in the preserv- 
ing mass are dissipated as carbon dioxide and 
water; temperature rises and preservation 
may be put at risk owing to a shortage of 
substrate for lactic acid production. 


6. Plant enzymes also bring about proteolysis 
and the production of amino acids and 
peptides from the protein of the original 
material. 


7. The most efficient preservation is achieved by 
the action of heterofermentative lactic acid 
bacteria. 


8. Saccharolytic clostridia break lactic acid down 
to acetic and butyric acids, causing a rise in 
pH and putting preservation at risk. Prote- 
olytic clostridia break down amino acids with 
the production of a number of unpleasant 
substances. Clostridium botulinum is the 
causative organism of botulism and has been 
associated with grass sickness in horses. 


9. There has been an increasing appreciation in 
recent years of the importance of fungi in 
ensilage owing to their action on cell wall 
structures. A number of the fungi present in 
silage, particularly aerobically spoiled mate- 
rial, are capable of producing mycotoxins, 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


Summary 


which can have very unpleasant effects on 
farm animals and human beings. 


Losses of nutrients arising from normal fer- 
mentation are minimal. Most losses occur as 
a result of aerobic deterioration before the 
material is ensiled, or as a result of ingress of 
air during storage or after opening the silo. 


Significant losses of dry matter may occur as 
a result of loss of effluent when crops of very 
high moisture content are ensiled. 


Additives are used in silage making if there is 
any doubt as to whether natural fermenta- 
tion is capable of ensuring satisfactory 
preservation, or routinely as an insurance 
against poor preservation. Stimulants provide 
substrate for lactic acid production or boost 
the population of desirable bacteria in the 
material to be ensiled. Fermentation in- 
hibitors are used to render the environment 
inimical to the development of undesirable 
microorganisms. 


The metabolisable energy contents of silages 
are highly variable and difficult to predict 
satisfactorily by laboratory means. Currently, 
near-infrared reflectance appears to be the 
best single predictor. 


Nitrogen degradability values are highly vari- 
able, and tabulated values are little more 
than a rough guide. 


Silage dry matter intakes tend to be low and 
are strongly influenced by a number of fac- 
tors, particularly pH, concentration of or- 
ganic acids, buffering capacity and ammonia 
nitrogen content. 


In silages made from the whole cereal crop, 
yields of dry matter and nutrients, especially 
starch, increase as the crop matures, but at 
late maturity the material must be processed 
at harvest to ensure efficient digestion of the 
hard grains by cattle. 


Whole crop legume silages can be difficult to 
ensile successfully. They have higher crude pro- 
tein contents than whole crop cereal silages. 
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QUESTIONS 


19.1 Explain the role of plant enzymes and microbes in the process of ensilage. 
19.2 What are the two classes of silage additive and how do they work? Give examples 

of each type and describe the effect that the additives have on silage composition. 
19.3 What factors affect the voluntary intake of silage? 


19.4 Describe the causes of the losses of nutrients that can occur during silage making. 
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Hay, artificially dried forages, 
straws and chaff 


20.1 Hay 
20.22 Artificially dried forages 
20.3 Straws and related by-products 


HAY 


The traditional method of conserving green crops is that of haymaking, the success 
of which until fairly recently was entirely dependent upon the chance selection of a 
period of fine weather. The introduction of rapid drying techniques using field ma- 
chinery and barn drying equipment has, however, considerably improved the effi- 
ciency of the process and reduced the need to be dependent upon the weather. 
Although in many countries of western Europe, including Britain, ensilage has over- 
taken haymaking as the preferred mode of conservation of green forages, haymaking 
is generally the more common process. 

The aim in haymaking is to reduce the moisture content of the green crop to a 
level low enough to inhibit the action of plant and microbial enzymes. The moisture 
content of a green crop depends on many factors, but may range from about 
650 g/kg to 850 g/kg, tending to fall as the plant matures. In order that a green crop 
may be stored satisfactorily in a stack or bale, the moisture content must be reduced 
to 150-200 g/kg. The custom of cutting the crop in a mature state when the moisture 
content is at its lowest is clearly a sensible procedure for rapid drying and maximum 
yield, but unfortunately the more mature the herbage, the poorer is the nutritive 
value (see Chapter 18). 


Chemical changes and losses during drying 


Chemical changes resulting in losses of valuable nutrients inevitably arise during the 
drying process. The magnitude of these losses depends to a large extent upon the 
speed of drying. In the field the loss of water from the swath is governed by the nat- 
ural biological resistance of the leaf and swath to water loss, the prevailing weather 
conditions and swath microclimate, and the mechanical treatment of the crop during 
harvesting and conditioning. The losses of nutrients during haymaking arise from the 
action of plant and microbial enzymes, chemical oxidation, leaching and mechanical 
damage. 
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Table 20.1 Changes in nitrogenous components of ryegrass/clover during the early stages of field drying 


Dry matter Water-soluble Total N N components (g/kg total N) 
(DM) (g/kg) carbohydrates (g/kg DM) Protein N Non-protein N Ammonia N 
(g/kg DM) 
Fresh grass 173 213 26.6 925 75 1.2 
Wilted 6 hours 
(dry conditions) 349 215 28.2 876 124 1.1 
Wilted 48 hours 
(dry conditions) 462 203 28.9 835 165 2.6 
Wilted 48 hours 
(humid conditions) 199 211 29.9 753 247 2.6 
Wilted 144 hours 
(humid conditions) 375 175 31.0 690 310 26.4 


From Carpintero M C, Henderson A R and McDonald P 1979 Grass and Forage Science 34: 311. 
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Action of plant enzymes 


In warm, dry, windy weather, the wet herbage, if properly handled and mechanically 
agitated, will dry rapidly and losses arising from plant enzyme activity will be small. 
The main changes involve the soluble carbohydrates and nitrogenous components. In 
the early stages of the drying process, changes in individual components of the water- 
soluble carbohydrates occur, such as the formation of fructose from hydrolysis of fruc- 
tans. During extended periods of drying, there is a considerable loss of hexoses as a 
result of respiration, and this loss leads to an increase in the concentration of other con- 
stituents in the plant, especially the cell wall components, which are reflected in the 
neutral-detergent fibre content. In the freshly cut crop, proteases present in the plant 
cells rapidly hydrolyse the proteins to peptides and amino acids, hydrolysis being fol- 
lowed by some degradation of specific amino acids. The effects of wilting ryegrass under 
ideal dry conditions and in a poor humid environment are compared in Table 20.1. 

A number of devices and methods of treatment are used to speed up the drying 
process in the field. Grass for hay made on a large scale is commonly cut with a 
mower that incorporates a conditioner with rollers that break the cellular structure 
of the plant and allow the air to penetrate the resulting swath more easily. Additional 
machinery is used for turning, or tedding, the swath. For smaller-scale haymaking, a 
more traditional method that is practised notably in Switzerland, Italy, Germany and 
Scandinavia is to make hay on racks, frames or tripods. Table 20.2 shows a comparison 


Table 20.2 Composition (g/kg DM) and nutritive value of perennial ryegrass and of 
hay made from it by two methods in south-east Scotland 


Fresh grass Tripod hay Field-cured hay 


Organic matter 932 908 925 
Crude fibre 269 324 362 
Crude protein 128 121 99 
Digestible crude protein 81 72 47 
Digestible organic matter 711 614 547 
Metabolisable energy* (MJ/kg DM) 10.7 9.2 8.2 


*Calculated from digestible organic matter. 


Hay 


in composition and nutritive value between hay made by tripoding and the 
traditional field-curing method. The difference between these two methods is 
reflected in the crude fibre, digestible crude protein, digestible organic matter and 
metabolisable energy values. 


Action of microorganisms 


If drying is prolonged because of bad weather conditions, then changes brought 
about by the activity of bacteria and fungi may occur. Bacterial fermentation takes 
place in cut herbage that has lain in the field for a few days, and leads to the produc- 
tion of small quantities of acetic and propionic acids. Mouldy hay is unpalatable and 
may be harmful to farm animals and man because of the presence of mycotoxins. 
Such hay may also contain actinomycetes, which are responsible for the allergic 
disease affecting man known as ‘farmer’s lung’. 


Oxidation 


When herbage is dried in the field, a certain amount of oxidation occurs. The visual 
effects of this can be seen in the pigments, many of which are destroyed. The pro- 
vitamin carotene is an important compound affected and may be reduced from 
150-200 mg/kg in the dry matter of the fresh herbage to as little as 2-20 mg/kg in 
the hay. Rapid drying of the crop by tripoding or barn drying conserves the carotene 
more efficiently, and losses as low as 18 per cent in barn-dried hay have been 
reported. On the other hand, sunlight has a beneficial effect on the vitamin D content 
of hay because of irradiation of the ergosterol present in the green plants. 


Leaching 


Losses due to leaching by rain mainly affect the crop after it has been partly dried. 
Leaching causes a loss of soluble minerals, sugars and nitrogenous constituents, and 
hence a concentration of cell wall components, which is reflected in a higher fibre 
content. Rain may prolong the enzyme action within the cells, thus causing greater 
losses of soluble nutrients, and may also encourage the growth of moulds. 


Mechanical damage 


During the drying process, the leaves lose moisture more rapidly than the stems, so be- 
coming brittle and easily shattered by handling. Excessive mechanical handling is liable 
to cause a loss of this leafy material, and since the leaves at the hay stage are richer in 
digestible nutrients than are the stems, the resultant hay may be of low feeding value. 
Leaf loss during haymaking is particularly likely to occur with legumes such as lucerne. 
There are a number of modern machines available that reduce the losses caused by leaf 
shattering. If the herbage is bruised or flattened, the drying rates of stems and leaves 
differ less. Baling the crop in the field at a moisture content of 300-400 g/kg, and sub- 
sequent drying by artificial ventilation, will reduce mechanical losses considerably. 


Stage of growth 


The stage of growth at the time of cutting is the most important crop factor deter- 
mining the nutritive value of the conserved product. The later the date of cutting, the 
larger will be the yield, the lower the digestibility and net energy value, and the 
lower the voluntary intake of dry matter by animals. It follows that if their drying 
conditions are similar, then hays made from early-cut crops will be of higher nutri- 
tive value than hays made from mature crops. 
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Plant species 


The differences in chemical composition between species have already been dis- 
cussed in Chapter 18. Hays made from legumes are generally richer in protein and 
minerals than grass hay. Pure clover swards are not commonly grown for making into 
hay in the UK, although many ‘grass’ hays contain a certain amount of clover. 
Lucerne or alfalfa (Medicago sativa) is a very important legume that is grown as a 
hay crop in many countries. The value of lucerne hay lies in its relatively high con- 
tent of crude protein, which may be as high as 200 g/kg DM if it is made from a crop 
cut in the early bloom stage. 

Cereals are sometimes cut green and made into hay, and this usually takes place 
when the grain is at the ‘milky’ stage. The nutritive values of cereal hays cut at this 
stage of growth are similar to those of hays made from mature grass, although the 
protein content is generally lower. Table 20.3 shows the composition of a number of 
hays made from different species. These are representative values and give no indica- 
tion of the ranges in nutritive value. If extremes are considered, then it is possible to 
produce hay of excellent quality with a digestible crude protein content of 115 g/kg 
DM and an ME value in excess of 10 MJ/kg DM (see Table 20.4). On the other hand, 
poor-quality hay made from mature herbage harvested under bad weather conditions 
may have a negative digestible crude protein content and an ME value below 7 MJ/kg 
DM; material of this type is no better in feeding value than oat straw. 


Table 20.3 Composition and nutritive value of hays 


Dry matter basis 


No. of Crude fibre Crude Digestible Metabolisable 
samples (g/kg) protein crude protein energy? 
(g/kg) (g/kg) (MJ/kg) 

Grasses 

Meadow 686 298 113 67 8.8 

Mixed grass 68 301 114 63 8.6 

Cocksfoot 17 356 82 42 8.0 

(orchard grass) 

Fescue 22 315 90 48 8.6 

Ryegrass 39 305 96 48 8.9 

Timothy 218 341 77 36 8.2 
Legumes 

Clover 284 319 143 89 8.6 

Lucerne 474 322 165 118 8.3 

Vetches 28 277 213 163 9.1 

Soya bean 42 366 156 101 7.8 
Cereals 

Barley 19 265 93 52 8.6 

Oat 48 329 80 41 8.5 

Wheat 20 268 82 44 7.8 


aCalculated from TDN values. 


After Watson S J and Nash M J 1960 The Conservation of Grass and Forage Crops, Edinburgh, Oliver and 
Boyd. 
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Table 20.4 Composition (g/kg) and nutritive value of the dry matter of 47 grass 
hays? made during 1963-65 in England and Wales 


Range Mean SD 
Ash 57-117 80 +11 
Crude fibre 274- 412 335 +31 
Crude protein 63-167 96 +22 
Digestible crude protein? 21-115 51 = 
Digestible organic matter 391-711 563 +61 
Metabolisable energy (MJ/kg) 5.7-11.5 8.5 +11 


*Mainly ryegrass, but also including some timothy and meadow fescue hays. 
Estimated from crude protein. 


Adapted from MAFF 1972 ADAS Science Arm Report, London, HMSO, p. 95. 


Changes during storage 


The chemical changes and losses associated with haymaking do not completely 
cease when hay is stored in the stack or barn. The stored crop may contain 
100-300 g/kg moisture. At the higher moisture levels, chemical changes brought 
about by the action of plant enzymes and microorganisms are likely to occur. 

Respiration ceases at about 40°C, but the action of thermophilic bacteria may go 
on up to about 72°C. Above this temperature, chemical oxidation can cause further 
heating. The heat tends to accumulate in hay stored in bulk, and eventually combus- 
tion may occur. 

Prolonged heating during storage can have an adverse effect on the proteins of 
hay. New linkages are formed within and between peptide chains. Some of these 
linkages are resistant to hydrolysis by proteases, thereby reducing the solubility and 
digestibility of the proteins. 

Susceptibility of proteins to heat damage is greatly enhanced in the presence of sug- 
ars, the damage being done by Maillard-type reactions (see p. 61). Temperature has an 
important effect on the reaction rate, which is 9000 times faster at 70°C than at 
10 °C. The amino acid lysine is particularly susceptible to reactions of this type. The 
products are colourless at first, but eventually they turn brown; the dark brown colour 
of overheated hays and other foods can be attributed mainly to Maillard reactions. 

Losses of carotene during storage depend to a large extent on the temperature. 
Below 5 °C little or no loss is likely to occur, whereas in warm weather losses may be 
considerable. 

The changes that take place during storage increase the proportion of cell wall 
constituents and reduce nutritive value. 


Overall losses 


The overall losses during haymaking can be appreciable under poor weather condi- 
tions. In a study on six commercial farms carried out over a 3-year period in north- 
east England by the Agricultural Development and Advisory Service (ADAS), losses 
of nutrients were measured between harvesting and feeding. Total dry matter losses 
averaged 19.3 per cent, made up of 13.7 per cent field loss and 5.6 per cent loss in 
the bale. The losses of digestible organic matter and digestible crude protein were 
both about 27 per cent. 


525 


Chapter 20 Hay, artificially dried forages, straws and chaff 


526 


20.2 


Hay preservatives 


The main objective in using hay preservatives is to allow hay to be stored at moisture 
levels that, in the absence of the preservative, would result in severe deterioration 
through moulding. The chemical preservatives tested have included propionic acid 
and its less volatile derivative ammonium bispropionate. In the laboratory, propionic 
acid applied at a rate of 10 g/kg water (i.e. 3 kg/t of forage with a moisture content 
of 300 g/kg) will prevent moulding and preserve the hay. However, in the field, it is 
difficult to apply the preservative uniformly, and a higher application rate of 12 kg 
propionic acid per tonne of forage with 300 g/kg of moisture is recommended. Hays 
with moisture contents as high as 400-500 g/kg can, after propionate treatment, be 
stored satisfactorily, provided the additive is both applied in sufficient quantity and 
distributed uniformly. Propionic acid should preferably be in a buffered form to 
improve its handling characteristics. Biological additives such as lactic acid producing 
bacteria and enzyme preparations, as used for silage (see Chapter 19), have also 
been used for hay. The bacterial additives need a supply of sugars and so should be 
used for early-cut (i.e. less fibrous) hays. 

Anhydrous ammonia and urea, which are used to improve the nutritive value of 
straw (see p. 529), have also been used to preserve hay. Anhydrous ammonia injected 
into plastic-covered stacks of bales of moist hay has increased its stability, under aer- 
obic and anaerobic conditions, and has improved the nutritional value of the hay 
(but with some danger of the formation of toxins; see below). 


ARTIFICIALLY DRIED FORAGES 


The process of artificial drying is a very efficient, though expensive, method of con- 
serving forage crops. In northern Europe grass and grass—clover mixtures are the 
commonest crops dried by this method, whereas in North America lucerne (alfalfa) is 
the primary crop that is dehydrated. In both regions, artificially dried forage accounts 
for less than 1 per cent of all conserved forage dry matter. The drying is brought 
about by passing the herbage rapidly through a rotating drum, where it meets hot 
gases at a temperature of about 800 °C. The temperature and time of drying are con- 
trolled very carefully so that the forage is never completely desiccated, and the final 
product usually contains about 50-100 g/kg of moisture. As long as some moisture re- 
mains in the material, the temperature of the herbage is unlikely to exceed 100 °C. 
It is obvious, however, that if the material is left in contact with the hot gases too 
long, then it will be charred or even completely incinerated. After drying, the forage 
is generally hammer milled and passed through a rotary die press to form pellets. 
Coarser products may be made by passing chopped material through a die press to 
form cobs or through a piston-type machine to form wafers. 


Nutritive value 


As a conservation technique, artificial drying is extremely efficient. Dry matter 
losses from mechanical handling and drying are together unlikely to exceed 10 per 
cent, and the nutritive value of the dried product is therefore close to that of the 
fresh crop. Typical analytical values from the British Association of Green Crop Dri- 
ers show dried grass to contain 200 g protein, 130 g sugars and 280 g acid-detergent 
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Straws and related by-products 


fibre per kilogram of dry matter, and 10.2 MJ metabolisable energy per kilogram of 
dry matter. Dried lucerne had a similar value for protein but contained less sugar 
(5 g/kg DM) and more ADF (360 g/kg DM). For horses, dried lucerne contains 
9.5-10.0 MJDE/kg DM. High-temperature drying may reduce the digestibility of 
forage proteins, but it has the advantage of increasing the proportion of protein that 
escapes rumen fermentation to about 0.4 (i.e. rumen protein degradability = 0.6). 

With regard to minor nutrients, the carotene content of grass meal is quoted in 
the above analytical data as 57 mg/kg DM, but high-quality dried grass could contain 
as much as 150 mg/kg. During storage under ordinary commercial conditions for 
6 months, dried forage exposed to light and air can lose as much as half its carotene 
by oxidation. Dried forages may therefore be stored under refrigeration or inert 
gases to conserve carotene (and also vitamin E and the plant pigment xanthophyll). 
Because irradiation of sterols cannot take place during the rapid drying process, the 
vitamin D content of dried forage will be very low. 

To convert 4-5 tonnes of fresh grass to 1 tonne of dried material requires about 
300 1 of oil, and so although dried forages could be regarded as excellent feeds for 
ruminants, the high cost of preparing them restricts their use to speciality feeds for 
non-ruminants. In Britain, much of the dried forage is consumed by horses. Else- 
where, and especially in the USA, dried lucerne is used for poultry as a source of 
vitamins and also to provide xanthophyll as an egg-yolk colourant. 


STRAWS AND RELATED BY-PRODUCTS 


Straws consist of the stems and leaves of plants after the removal of the ripe seeds 
by threshing, and are produced from most cereal crops and from some legumes. 
Chaff consists of the husk or glumes of the seed, which are separated from the grain 
during threshing. Modern combine harvesters put out straw and chaff together, but 
older methods of threshing (e.g. hand threshing) yield the two by-products sepa- 
rately. A by-product similar in composition to straw is sugarcane bagasse, described 
earlier (see Chapter 18). Other fibrous by-products of cereals are referred to in 
Chapter 22. All the straws and related by-products are extremely fibrous, most have 
a high content of lignin, and all are of low nutritive value. Their high fibre content 
restricts their use to that as food for ruminants. 

On a world scale, the total production of straws and related materials has been 
calculated to be sufficient to meet the maintenance needs of all ruminant livestock. 
However, the actual usage of straw as a food for livestock varies a great deal from 
one part of the world to another. Much straw is produced in regions, such as the 
North American prairies, that have relatively few livestock, and the cost of transport- 
ing a bulky, low-value food to other regions is too great to permit its export. Other 
parts of the world, such as Europe, produce a great deal of straw but are also well 
supplied with better-quality forages. In many tropical and subtropical countries that 
cannot afford to use land for forage production, straw is the essential basal food for 
ruminant livestock. 

Maize, wheat and rice crops are the main sources of world straw supplies, but in 
the UK barley provides much of the 15-20 per cent of total straw production that is 
used for animal feeding. When oats were grown for horses, oat straw was preferred 
for animal feeding, but the decline in the area of this crop has made its straw less 
important. 
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Barley and oat straw 


Of the cereal straws, oat straw used to be popular in many areas of the UK as a 
bulky food for store cattle, along with roots and concentrates, and in limited quanti- 
ties as a source of fibre for dairy cows. With the increasing use of barley grain as a 
major concentrate food for farm animals, especially in northern Europe, large quan- 
tities of barley straw are available and attention has concentrated in recent years on 
methods of trying to improve the nutritional value of this low-grade material. 

The composition of both barley and oat straw may vary, although this is influenced 
more by the stage of maturity of the crop at harvesting and environment than by the 
cultivar grown. The crude protein content of the dry matter of both straws is low, usu- 
ally in the range 20-50 g/kg, with the higher values obtained in crops grown under cold 
and wet conditions where they do not mature completely. The rumen degradability of 
the protein is relatively low (0.4), and of the undegradable protein much is likely to be 
indigestible. The major component of the dry matter is the fibre, which contains a 
relatively high proportion of lignin. The dry matter of barley straw consists of about 
400-450 g/kg of cellulose, 300-500 g/kg of hemicellulose and 80-120 g/kg of lignin. 

The digestibility of the organic matter of these straws rarely exceeds 0.5 and the 
metabolisable energy value is about 7 MJ/kg DM or, in the case of winter barley 
cultivars, less than this. Of the ash fractions, silica is the main component and straws 
generally are poor sources of essential mineral elements, as can be seen from the 
results of a comparison between hays and barley straws shown in Table 20.5. 

Apart from the low digestibility of these cereal straws, a major disadvantage is the 
low intake obtained when they are given to ruminant animals. Whereas a 650 kg cow 
will consume up to 12 kg of medium-quality hay, it will eat only about 9 kg of straw. 
Improvements in both digestibility and intake can be obtained by the addition of 
nitrogen in the form of protein or urea. 


Maize straw 


Maize straw, or corn stover, has a higher nutrient content and is more digestible than 
most other straws. It has a crude protein content of about 60 g/kg DM and a 
metabolisable energy value of about 9 MJ/kg DM. In North America, corn stover is 


Table 20.5 Some mineral contents of hay and barley straw obtained from 50 farms 
in south-east Scotland, 1964-66 


Hay Barley straw 
Range Mean Range Mean 

g/kg DM 

Ca 3.0-6.3 4.6 1.5-4.5 3.1 

Mg 0.6-1.4 1.1 0.3-0.6 0.5 

Na 0.2-1.9 1.0 0.1-1.0 0.5 
mg/kg DM 

Cu 1.5-10.0 6.0 0.6-4.0 2.4 

Mn 30-150 80 1.8-22.0 12.1 

Fe 30-120 106 18-170 78 


Adapted from Mackenzie E J and Purves D 1967 Edinburgh School Agricultural Experimental Work, p. 23. 


Straws and related by-products 


frequently used as a major part of the diet for dry, pregnant beef cows. The animals 
may be turned into the cornfields after the grain has been harvested or the stover may 
be chopped, ensiled and consumed in a similar way to maize silage. Alternatively, the 
stover, after drying in the field, can be stacked or harvested as large round bales. 


Rice straw 


In many of the intensive rice-growing areas of the world, particularly Asia, this straw 
is used as a food for farm animals. Its protein content and metabolisable energy 
value are similar to those of spring barley straw. It has an exceptionally high ash con- 
tent, about 170 g/kg DM, which consists mainly of silica. The lignin content of this 
straw, about 60-70 g/kg DM is, however, lower than that of other cereal straws. In 
contrast to other straws, the stems are more digestible than the leaves. 


Wheat and rye straws 


Wheat and rye straws are considered to be lower in nutritional value than barley 
straw. However, the digestibility of most cereal straws can be markedly improved 
with alkali treatment (see below). 


Legume straws 


The straws of beans and peas are richer in protein, calcium and magnesium than the 
cereal straws and, if properly harvested, are useful roughage foods for ruminant ani- 
mals. Because of their thick fibrous stems, they are more difficult to dry than cereal 
straws and frequently become mouldy during storage. 


Alkali treatment of straws and other forages 


When straw is exposed to an alkali, the ester linkages between lignin and the cell 
wall polysaccharides, cellulose and hemicelluloses, are hydrolysed, thereby causing 
the carbohydrates to become more available to the microorganisms in the rumen. 
This effect was first used to improve the digestibility of straw in Germany in the 
early 1900s, by a process that involved soaking straw for 1-2 days in a dilute solution 
(15-30 g/l) of sodium hydroxide and then washing to remove excess alkali. In the 
process currently used, chopped or milled straw is sprayed in a mixer with a small 
volume of concentrated sodium hydroxide (typically 170 I/t of straw of a solution of 
300 g/l of NaOH, supplying 50 kg NaOH). The product is not washed and the alkali 
forms sodium carbonate, which gives the product a pH of 10-11. This process gives a 
product that may be mixed with other foods and may also be pelleted. 

An alternative alkali to sodium hydroxide is ammonia, which may be applied to 
straw in the anhydrous form or as a concentrated solution. As both forms are 
volatile, the process has to be carried out in a sealed container, which may be 
formed by wrapping a stack of straw bales in plastic sheeting. As ammonia is a 
weaker alkali than sodium hydroxide, it reacts slowly with the straw; the time 
required for treatment ranges from 1 day, if heat is applied to raise the temperature 
to 85 °C, to 1 month at winter temperatures. The ammonia is added at 30-35 kg/t of 
straw, and when the stack is exposed to the air about two-thirds of this is lost by 
volatilisation. The remainder is bound to the straw and raises its crude protein content 
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Table 20.6 Performance of cattle and sheep fed on diets containing treated 
and untreated roughages? 


Species Treatment Alkali 
NaOH NH3 
{Sap = = TE = + 
Cattle No. of experiments | 17 | | 10 | 
Roughage in diet (%) 64 61 
Digestibility® 0.56 0.64 0.58 0.63 
Intake (kg/day)? 7.2 8.1 6.8 7.8 
Liveweight gain (kg/day) 0.62 0.82 0.40 0.71 
Sheep No. of experiments Be | 7 
Roughage in diet (%) 66 | 65 | 
Digestibility® 0.57 0.65 0.52 0.62 
Intake (g/day)? 994 1259 1156 1147 
Liveweight gain (g/day) 39 126 73 99 


a The roughages used were mainly wheat and barley straws but included rice straw, 
and also maize by-products such as cobs and stalks. Some of the roughages were 
ground and pelleted. 


bOf dry matter in total diet. 
Adapted from Greenhalgh J F D 1983 Agricultural Progress 58: 11. 


by about 50 g/kg. In addition to this advantage over sodium hydroxide, ammonia 
does not leave a residue of sodium (which increases the water intake of animals). 

Both sodium hydroxide and ammonia have been used on a wide range of low- 
quality forages, including straws, husks and hays. Table 20.6 summarises the results 
of 44 experiments in which animals were fed on diets containing a high proportion 
of forage, either untreated or treated with sodium hydroxide or ammonia. It should 
be noted that, in addition to improving digestibility, the alkali treatments caused 
increases in intake. 

A danger arising from ammonia treatment is that it may cause the production of 
toxic imidazoles, which arise from reactions between ammonia and sugars. Forages 
containing more sugars than do straws, such as hays, are more likely to form imida- 
zoles, and their production is encouraged by high temperatures. The toxins cause a 
form of dementia, which in cattle is sometimes called ‘bovine bonkers’. 

A chemical for treatment of forages that is easier to handle, and often cheaper, 
than ammonia is urea. When exposed to the enzyme urease, urea is hydrolysed to 
yield ammonia: 


NH,—CO—NH)> U H20 > 2NH3 H CO, 


Straw normally carries bacteria that secrete the necessary urease; it is important 
that the straw should be wet enough (about 300 g water per kilogram) to allow the 
hydrolysis to take place. After the application of urea, the straw is sealed in the same 
way as for treatment with ammonia. Urea ammoniation of straw has proved reason- 
ably effective in improving its nutritive value but is not as consistently effective as 
ammonia or sodium hydroxide. 

Urea can also be used simply as a supplement to straw (i.e. be added at the time 
of feeding). Table 20.7 compares the effects of adding urea at this time (in this 
experimental situation, by intra-ruminal infusion) with adding it to the straw a 
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Table 20.7 A comparison of urea used to ammoniate rice straw with urea used as 
a dietary supplement for sheep 


Straw treatment? None None Urea Urea 
Supplement? None Urea None Urea 

(1) (2) (3) (4) 
Dry matter digestibility 0.42 0.48 0.54 0.55 
Dry matter intake (g/day) 682 951 931 1114 
Liveweight change (g/day) —138 —20 —10 38 
Rumen ammonia-N (mg/litre) 12 104 57 203 


aStraw sprayed with 1 l/kg of a solution containing 60 g urea, and then sealed for 28 days. 
541.5 g urea and 2.35 g sodium sulphate per kilogram dry matter consumed, given by 
continuous intra-ruminal infusion. 


Adapted from Djajanegara A and Doyle P T 1989 Animal Feed Science and Technology 27: 17. 


month beforehand to generate ammonia. Both of these treatments, when applied 
separately (columns 2 and 3 versus column 1), improved intake and digestibility, and 
reduced the weight loss of the sheep, but the double treatment (column 4) gave the 
best results, possibly because the urea-ammoniated straw (column 3) did not main- 
tain a sufficient concentration of ammonia in the rumen. 

In addition to treating straw and hay, alkalis may be applied to whole crop cereal 
forages. In Chapter 19 the ensiling of cereals cut when immature was mentioned. If 
they are cut later, the grain forms a greater proportion (e.g. 60 per cent) of the crop 
and its dry matter content is greater. Ammonia or sodium hydroxide raises the 
digestibility of the straw in the crop and also acts as a preservative by preventing 
mould growth. 

Other chemicals that have been used effectively to improve the digestibility of 
straw include alkaline hydrogen peroxide and mineral acids, but these are probably 
too expensive for practical use. 


Supplementation of straws 


Chemical treatments of straws have attracted a great deal of research interest, but 
their use in practice is somewhat limited. Countries that would benefit most from 
them have neither sufficient resources of chemicals nor the technology needed to 
apply them. The key to improvements in the utilisation of straw is supplementation. 
The first type of supplement required for straw is one that provides adequate sup- 
plies of nutrients for the rumen microorganisms, the critical nutrients being nitrogen 
and sulphur, and perhaps phosphorus, sodium and cobalt. In the case of the nitrogen 
supplement, the aim is to provide a reasonably constant rumen ammonia concentra- 
tion; if the nitrogen is in a soluble and rapidly degradable form, such as urea, the 
supplement needs to be taken in frequently, in small quantities. Supplementary 
nutrients can be supplied as a solution sprayed on to the straw; alternatively, they 
may be added to a small amount of concentrate food or offered to animals as feed 
blocks or licks. None of these methods is consistently effective, but the first ensures 
that straw and supplement are consumed together. 

The second type of supplement required for straw is one that provides the animal 
with additional protein that is not degraded in the rumen (digestible undegradable 
protein; see Chapter 13). This often stimulates intake (see Chapter 17) and ensures a 
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proper balance between the protein and energy supplied to the animal’s tissues. 
However, supplements of this second type, which are often based on specially treated 
vegetable protein sources, are in limited supply and expensive and therefore are un- 
suitable for widespread use in developing countries. In those countries, there is now 
much interest in supplementing straw with locally available materials, especially for- 
ages from protein-rich leguminous shrubs such as Leucaena leucocephala and 
Gliricidia sepium (see Chapter 19).These are valuable as sources of minerals and vita- 
mins, but they are less effective as sources of digestible undegradable protein. 


SUMMARY 


1. Hay is made mainly by the sun-drying of grass 3. Artificially dried forages are higher in nutritive 


and other forage crops. After the crop has 
been cut, its treatment in the field is intended 
to minimise losses of valuable nutrients caused 


value than hays; they are expensive to produce 
and may be given to non-ruminant livestock as 
sources of minerals and vitamins. 


by the action of plant respiration, by micro- 
organisms, by oxidation, by leaching and by 
mechanical damage. 


4. Straws, mainly from cereals, are of low nutri- 
tive value but are important foods for rumi- 
nants, especially in developing countries. 

2. The nutritive value of hay is determined by 
the growth stage and plant species of the 
parent crop, by field losses of nutrients and 
by changes taking place during storage 
(which can be reduced by the use of chemical 
preservatives). Even under good conditions 
overall loss of dry matter may be about 
20 per cent. 


5. The digestibility and intake of straws may be 
improved by treatment with sodium hydroxide 
or ammonia (as a gas or derived from urea). 
Such treatment is expensive, and the more 
appropriate way of making the best use of 
straws is to supplement them, especially with a 
source of rumen-degradable protein. 


QUESTIONS 


20.1 Review the factors that determine the nutritive value of hays. 


20.2 Discuss the advantages and disadvantages of alternative methods for improving 
the nutritive value of straws. 
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2 1 Roots, tubers and related 
by-products 


21.1 Roots 
21.2 Tubers 


The most important root crops used in the feeding of farm animals are turnips, swedes 
(or rutabagas), mangels (or mangolds) and fodder beet. Sugar beet is another impor- 
tant root crop, but it is grown primarily for its sugar content and is normally not given 
as such to animals. However, the two by-products of the sugar-extraction industry, sugar 
beet pulp and molasses (from both sugar beet and sugarcane), are important and 
nutritionally valuable animal foods. 

The main tubers are potatoes, cassava and sweet potatoes, the last two being 
tropical crops. 


21.1 ROOTS 


The main characteristics of roots are their high moisture content (750-940 g/kg) and 
low crude fibre content (40-130 g/kg DM). The organic matter of roots consists 
mainly of sugars (500-750 g/kg DM) and is of high digestibility (about 0.80-0.87). 
Roots are generally low in crude protein content, although like most other crops this 
component can be influenced by the application of nitrogenous fertilisers. The 
degradability of protein in the rumen is high, at about 0.80-0.85. 


BOX 21.1 Importance of some root and tuber crops 


In Britain the main root crops (turnips, swedes and fodder beet) were important feeds for ruminants 
in the eighteenth and nineteenth centuries. They gave high yields in unfavourable environments and 
could be stored for the duration of the winter. Increasing use of silages for winter feeding has 
reduced the importance of root crops. By 2007 the area in Britain devoted to these crops had declined 
to 140 000 ha (1997: 166 000 ha). 

In contrast, the crops grown mainly for human consumption, but partly used to feed animals, 
have maintained their popularity, their current world areas (million hectares) being potatoes 18.5, 
sweet potatoes 8.1, cassava 19.0 and sugar beet 5.2. World production of cassava tubers is estimated 
to be about 200 mt, of which about 20 per cent is used for animal feeding. 


533 


Chapter 21 Roots, tubers and related by-products 


Table 21.1 Typical composition and nutritional values of roots, root by-products and tubers (dry 


matter basis) 


Drymatter Organic Crude protein Crude fibre Rumendegradability ME? 
(g/kg) matter (g/kg) (g/kg) (g/kg) of protein (MJ/kg) 
Roots 
Swedes 120 942 108 100 0.85 12.8 
Turnips 80 922 122 111 0.85 11.2 
Mangels 110 933 100 58 0.85 12.4 
Fodder beet 185 925 62 53 0.85 11.8 
Sugar beet 230 970 48 48 _ 13.7 
Root by-products 
Beet molasses 750 931 40 0 0.80 12.0 
Sugar beet pulp 860 918 110 132 0.70 12.5 
(molassed) 
Tubers 
Cassava 370 970 35 43 0.80 12.8 
Potatoes 210 957 110 38 0.85 13.3 
Sweet potatoes 320 966 39 38 _ 12.7 


aFor ruminants. 
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The composition is influenced by season and the variation may be quite large: 
low DM roots are produced in a wet season and relatively high DM roots in a hot dry 
season. The composition also varies with size, the large root having lower DM and 
fibre contents and being of higher digestibility than the small root. Winter hardiness 
is associated with higher DM content and keeping quality. In the past, root crops 
have been considered as an alternative to silage in ruminant diets, but their value as 
cereal replacements is now recognised. Roots are not a popular food for pigs and 
poultry because of their bulky nature, although those that have higher DM contents, 
such as fodder beet, are given to pigs. The root crops listed in Table 21.1 are poor 
sources of vitamins. 

Roots are often stored in clamps during winter; during this period, losses of dry 
matter of up to 10 per cent are not uncommon. 


Swedes and turnips 


Swedes (Brassica napus), which were introduced into Britain from Sweden about 
200 years ago, and turnips (Brassica campestris) are chemically very similar, al- 
though turnips generally contain less DM than swedes (see Table 21.1). Of the two 
types of turnip that are grown, the yellow-fleshed cultivars are of higher DM content 
than the white-fleshed cultivars. The ME value of swedes is usually higher than that 
of turnips, i.e. about 13 MJ/kg and 11 MJ/kg DM, respectively (see Table 21.1). The 
main sugars present are glucose and fructose. 

Both swedes and turnips are liable to taint milk if given to dairy cows at or just 
before milking time. The volatile compound responsible for the taint is absorbed 
from the air by the milk and is not passed through the cow. 


Roots 


Mangels, fodder beet and sugar beet 


These three crops are all members of the same species, Beta vulgaris, and for con- 
venience they are generally classified according to their dry matter content. Mangels 
are the lowest in DM content, richest in crude protein and lowest in sugar content of 
the three types. Fodder beet can be regarded as lying between mangels and sugar 
beet in terms of DM and sugar content, while sugar beet is richest in DM and sugar 
content but poorest in crude protein. On a DM basis, the ME values range from 
about 12 MJ/kg to 14 MJ/kg, the higher values applying to sugar beet. The main 
sugar present in these roots is sucrose. 


Mangels 


Low-dry-matter mangels have a DM content of 90-120 g/kg. Medium-dry-matter 
mangels have a DM content of 120-150 g/kg; this group is usually smaller in size 
than the low-dry-matter group but usually develops fairly large tops. 

It is customary to store mangels for a few weeks after lifting, since freshly lifted 
mangels may have a slightly purgative effect. The toxic effect is associated with the 
nitrate present, which on storage is converted into asparagine. Unlike turnips and 
swedes, mangels do not cause milk taints when given to dairy cows. 


Fodder beet 


Medium-dry-matter fodder beet contains 140-180 g/kg of dry matter, whereas the 
high-dry-matter varieties may contain up to 220 g/kg. In addition to varietal type, 
the DM content is also influenced by the stage of growth at harvesting and environ- 
mental conditions. Fodder beet is a poor source of protein (see Table 21.1). 

Fodder beet is a popular food in Denmark and the Netherlands for dairy cattle 
and young ruminants. Care is required in feeding cattle on high-dry-matter fodder 
beet, since excessive intakes may cause digestive upsets, hypocalcaemia and even 
death. The digestive disturbances are probably associated with the high sugar content 
of the root. 

The use of fodder beet as the bulk ration for feeding pigs has given satisfactory 
results, but experiments have shown that the fattening period is slightly longer than 
when sugar beet is used. The digestibility of the organic matter of fodder beet is very 
high (about 0.90). 


Sugar beet 


Most sugar beet is grown for commercial sugar production, though it is sometimes 
given to animals, especially cows and pigs. Because of its hardness, the beet should 
be pulped or chopped before feeding. 

After extraction of the sugar at a sugar beet factory, two valuable by-products are 
obtained, which are given to farm animals: sugar beet pulp and beet molasses. 


Sugar beet pulp 


The sugar beet on arrival at the factory is washed, sliced and soaked in water, which 
removes most of the sugars. After extraction of the sugar, the residue is called sugar 
beet pulp. The water content of this product is 800-850 g/kg; the pulp may be sold 
in the fresh state for feeding farm animals, but because of transport difficulties it is 
frequently dried to a moisture content of 100 g/kg. Since the extraction process 
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removes the water-soluble nutrients, the dried residue consists mainly of cell wall 
polysaccharides, and consequently the crude fibre content is relatively high (about 
200 g/kg DM); the crude protein and phosphorus contents are low, the former being 
about 100 g/kg DM. 

Most sugar beet pulp is now sold after drying and the addition of molasses; the 
molasses provides about 20 per cent of the dry matter and raises the water-soluble 
carbohydrate (i.e. sugar) content from 200 g/kg to 300 g/kg DM. Molassed sugar 
beet pulp is used extensively as a food for dairy cows and is also given to fattening 
cattle and sheep. Originally, the pulp was considered to be too fibrous a food for 
pigs, but recent studies have shown that the digestibility of beet pulp fibre is high, at 
about 0.80-0.85, even for young pigs. It is recommended that up to 15 per cent mo- 
lassed sugar beet pulp may be included in the diet of growing pigs and up to 20 per 
cent in the diets of finishers and sows. The product is not a suitable food for poultry. 

Sugar beet pulp may be combined with other by-products such as distiller’s grains 
(see Chapter 22). 


Beet molasses 


After crystallisation and separation of the sugar from the water extract, a thick black 
liquid termed beet molasses remains. This product contains 700-750 g/kg DM, of 
which about 500 g consists of sugars. The molasses dry matter has a crude protein 
content of only 20-40 g/kg, most of this being in the form of non-protein nitroge- 
nous compounds, including the amine betaine, which is responsible for the ‘fishy’ 
aroma associated with the extraction process. 

Beet molasses is a laxative food and is normally given to animals in small quanti- 
ties. Usually molasses is added to beet pulp (as mentioned above) or to other foods, 
including bran, grains, malt culms, spent hops and sphagnum moss. Molasses is also 
used, generally at levels of 5-10 per cent, in the manufacture of compound cubes 
and pellets. The molasses not only improves the palatability of the product but also 
acts as a binding agent. An additional use of molasses is as a constituent (and bind- 
ing agent) in the compressed feed blocks that are used as protein, mineral and vita- 
min supplements for ruminants. Since beet molasses is a rich and relatively cheap 
source of soluble sugars, it is sometimes used as an additive in silage making. 

Molasses is used as the feedstock for a number of industrial fermentations. When 
the sugars have been fermented and the fermentation products removed, there is a 
residue rich in nitrogen-containing substances and ash. This is partially dried to give 
a material known as condensed molasses solubles (CMS), which contains about 
350 g of crude protein per kilogram of DM. The CMS is then mixed with molasses in 
the ratio 20 : 80 to give a protein-fortified food. 


Cane molasses 


Although sugarcane is not a root or tuber crop, one of its major by-products, cane 
molasses, is a similar food to beet molasses, and its use is therefore described in this 
chapter. In the tropical and subtropical countries where sugarcane is grown, there is 
often a serious shortage of sugar- or starch-containing animal foods, and so cane mo- 
lasses is a valuable resource. In addition to its uses as a carrier for supplements such 
as urea (see Chapter 23) and as a conditioner of compound foods, cane molasses is 
used as a source of supplementary energy for forage diets, and even as the main 
component of diets. In Cuba, for example, diets for beef cattle have been based on 


21.2 


Tubers 


cane molasses offered ad libitum and providing 500-800 g/kg of total dry matter in- 
take, together with some forage and a supplement of protein (preferably protein of 
low rumen degradability). Such diets can give liveweight gains of about 1 kg/day but 
sometimes induce a condition in cattle known as molasses toxicity. This is charac- 
terised by uncoordination and blindness caused by deterioration of the brain similar 
to that seen in cerebrocortical necrosis (see p. 89) and is associated with an unusual 
rumen fermentation that gives rise to volatile fatty acid mixtures rich in butyrate and 
poor in propionate. The condition is best avoided by ensuring that animals have suf- 
ficient good-quality forage available. 


TUBERS 


Tubers differ from the root crops in containing either starch or fructan instead of 
sucrose or glucose as the main storage carbohydrate. They have higher dry matter 
and lower fibre contents (see Table 21.1) and consequently are more suitable than 
roots for feeding pigs and poultry. 


Potatoes 


In potatoes (Solanum tuberosum) the main component is starch. The starch content 
of the dry matter is about 700 g/kg; this carbohydrate is present in the form of gran- 
ules that vary in size depending upon the variety. The sugar content in the dry mat- 
ter of mature, freshly lifted potatoes rarely exceeds 50 g/kg, although values in 
excess of this figure in stored potatoes have been obtained. The amount present is 
affected by the temperature of storage, and values as high as 300 g/kg have been 
reported for potatoes stored at 21°C. 

The crude protein content of the dry matter ranges from about 90 g/kg to 123 g/kg, 
with a mean value of about 110 g/kg. About half of this is in the form of non-protein 
nitrogenous compounds. One of these compounds is the alkaloid solanidine, which 
occurs free and also in combination as the glyco-alkaloids chaconine and solanine. 
Solanidine and its derivatives are toxic to animals, causing gastroenteritis. The alka- 
loid levels may be high in potatoes exposed to light. Associated with light exposure 
is greening due to the production of chlorophyll. Green potatoes should be regarded 
as suspect. Removal of the eyes and peel, in which the solanidine is concentrated, 
will reduce the toxicity, but this is not a practical proposition in feeding farm 
animals. Young shoots, even if white, are also likely to be rich in solanidine and these 
should be removed and discarded before feeding. Immature potatoes have been 
found to contain more solanidine than mature tubers. The risk of toxicity is reduced 
considerably if potatoes are steamed or otherwise cooked, the water in which the 
tubers have been boiled being discarded. Ensiling also destroys some of the toxin, 
and so inclusion of slightly greened potatoes with grass should be acceptable. Rumi- 
nants are more resistant to toxicity than monogastric animals, presumably because 
of partial destruction of the toxin in the rumen. 

The crude fibre content of potatoes is very low, usually less than 40 g/kg DM, 
which makes them particularly suitable for pigs and poultry. However, the protein in 
uncooked potatoes is frequently poorly digested by these animals, and protein di- 
gestibility coefficients as low as 0.23 have been reported for pigs. In similar trials 
with cooked potatoes, digestibility coefficients for protein generally exceed 0.70. 
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Potatoes contain a protease inhibitor that reduces the digestibility not only of potato 
protein but also of protein in other components of the diet. The inhibitor is de- 
stroyed by heating; it is normal practice to cook potatoes for pigs and poultry, 
although cooking is unnecessary for ruminants, presumably because the inhibitor is 
destroyed in the rumen. For pigs and poultry the ME value of cooked potatoes is 
similar to that of maize, about 14-15 MJ/kg DM. 

Potatoes are a poor source of minerals, except for the abundant element potas- 
sium; the calcium content is particularly low. The phosphorus content is rather 
higher, since this element is an integral part of the potato starch molecule, but some 
20 per cent of it is in the form of phytates (see p. 115). 

During the storage of potatoes considerable changes in composition may occur. 
The main change is a conversion of some of the starch to sugar and the oxidation of 
this sugar, with the production of carbon dioxide during respiration. The respiration 
rate increases with an increase in temperature. There may also be a loss of water 
from the tubers during storage. 


Dried potatoes 


The difficulty of storing potatoes satisfactorily for any prolonged period of time has 
led to a number of processing methods. Several methods of drying are used. In one 
method the cooked potatoes are passed through heated rollers to produce dried po- 
tato flakes. In another method sliced tubers are dried directly in flue gases; the re- 
sultant potato slices are frequently ground to a meal before marketing. The products 
are valuable concentrate foods for all classes of animal. 


Potato processing wastes 


These products are the dried residues obtained in the processing of potatoes for can- 
ning and chipping for human consumption. A typical product consists of peel and 
small pieces of tubers that have been coarsely ground and dried. Potato processing 
wastes are of variable composition, the crude fibre content ranging from about 
30 g/kg to 70 g/kg DM and the crude protein from 70 g/kg to 140 g/kg DM. Pro- 
vided the products are free from soil contamination, they are useful foods if given in 
small quantities to pigs, poultry and ruminants. 


Cassava 


Cassava (Manihot esculenta), also known as manioc, is a tropical shrubby perennial 
plant that produces tubers at the base of the stem.The chemical composition of these 
tubers varies with maturity, cultivar and growing conditions. About 80 per cent of 
the carbohydrate is starch, and cassava tubers are used for the production of tapioca 
starch for human consumption, although the tubers are also given to cattle, pigs and 
poultry. The ME value of cassava is similar to that of potatoes, but it has higher dry 
matter and lower crude protein contents (see Table 21.1). 

The use of fresh cassava tubers for animal feeding is limited by their low protein 
content and also their poor storage capability. The tubers can be stored by burial in 
pits or can be ensiled (i.e. fermented). Another limiting factor is that cassava plants 
(both tubers and foliage) are to a certain degree poisonous since they contain vary- 
ing proportions of two cyanogenetic glucosides (linamarin and lotaustralin), which 
readily break down to give hydrocyanic acid (see p. 23). In all cases care must be 


Questions 


taken in the use of the tuber; wherever the plant is grown, indigenous methods of re- 
moving the glucosides have been devised. Such treatments include boiling; grating 
and squeezing; and grinding to a powder and then pressing. 

For export to temperate countries, cassava is dried and pelleted. Dried cassava can 
be used as a partial cereal grain replacer, provided the protein deficiency is rectified. 

Cassava pomace is the residue from the extraction of starch from cassava tubers. 
Because of its high crude fibre content (about 270 g/kg DM), its use in the diets of 
non-ruminant animals should be restricted. 


Sweet potatoes 


The sweet potato (Ipomoea batatas) is a very important tropical plant whose tubers 
are widely grown for human consumption and as a commercial source of starch. The 
tubers are of similar nutritional value to ordinary potatoes although of much higher 
dry matter and lower crude protein contents (see Table 22.1). Fresh tubers that are 
surplus to requirements are often cut into small pieces, sun-dried and then ground to 
produce a sweet potato meal, a high-energy food of low protein content. Sun-drying 
does not destroy the trypsin inhibitors believed to be present in the tubers, and 
levels in the diets of farm animals are usually restricted. 


SUMMARY 


1. The fodder root crops of temperate climates 
(turnips, swedes, mangels and fodder beet) are 
characterised by their high water content 
(750-940 g/kg), low crude fibre content 
(40-130 g/kg DM) and high sugar content 
(500-750 g/kg DM). Digestibility and ME value 
are high (11-13 MJ/kg DM). They are mainly 
given to ruminants. 


rise to butyric acid in the rumen and may be 
toxic. 


3. Potato tubers are rich in starch and low in 
fibre, their ME value for pigs and poultry 
being 14-15 MJ/kg DM. Potato processing 
wastes (mainly peel) are higher in fibre than 
whole potatoes. 


4. The tropical plant cassava has tubers rich in 
starch but low in protein. Dried cassava meal 
and by-products from starch extraction are 
used in animal feeds, but they must be pre- 


2. Sugar beet, grown mainly for extraction of 
sugar, yields two by-products for animal feed- 
ing. Sugar beet pulp is similar in composition 


to cereals, except for the replacement of starch 
by a high fibre content (200 g/kg DM). Beet 
molasses (and also sugarcane molasses) contain 
sugars and only 20-40 g protein per kilogram 
(mainly non-protein nitrogen). Excessive 
amounts of molasses in ruminant diets give 


pared in such a way that cyanogenetic gluco- 
sides are inactivated. 


. Sweet potatoes may be dried for animal feed- 


ing, but they contain a trypsin inhibitor. 


QUESTIONS 


21.1 Describe the main differences in composition between roots and tubers. 
21.2 Give three examples of potentially toxic constituents in roots and tubers. 
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22.1 


Cereal grains and cereal 
by-products 


22.1 The nutrient composition of grains 


22.2 Barley 
22.3 Maize 
22.4 Oats 

22.5 Wheat 


22.6 Other cereals 
22.7 Cereal processing 


THE NUTRIENT COMPOSITION OF GRAINS 


The name ‘cereal’ is given to the members of the Gramineae that are cultivated for 
their seeds. Cereal grains are essentially carbohydrate concentrates, the main com- 
ponent of the dry matter being starch, which is concentrated in the endosperm 
(Fig. 22.1). The dry matter content of the grain depends on the harvesting method 
and storage conditions but is generally within the range of 800-900 g/kg. 

Of the nitrogenous components 85-90 per cent are in the form of proteins. The 
proteins occur in all tissues of cereal grains, but higher concentrations are found in the 
embryo and aleurone layer than in the starchy endosperm, pericarp and testa. Within 
the endosperm, the concentration of protein increases from the centre to the periph- 
ery. The total content of protein in the grain is very variable; expressed as crude pro- 
tein it is normally in the range 80-120 g/kg DM, although some cultivars of wheat 
contain as much as 220 g/kg DM. Cereal proteins are deficient in certain indispens- 
able amino acids, particularly lysine and methionine. It has been shown that the value 
of cereal proteins for promoting growth in young chicks is in the order oats > barley 
> maize or wheat. The high relative value of oat protein for growth has been attrib- 
uted to its slightly higher lysine content. This is demonstrated in Fig. 22.2, which com- 
pares the main limiting amino acid components of a number of cereal grains. 

The lipid content of cereal grains varies with species. Wheat, barley, rye and rice con- 
tain 10-30 g/kg DM, sorghum 30-40 g/kg DM and maize and oats 40-60 g/kg DM. The 
embryo, or germ, contains more oil than the endosperm; in wheat, for example, the 
embryo has 100-170 g/kg DM of oil, while the endosperm contains only 10-20 g/kg 
DM.The embryo of rice is exceptionally rich in oil, containing as much as 350 g/kg DM. 
Cereal oils are unsaturated, the main acids being linoleic and oleic; because of this they 
tend to become rancid quickly and also produce a soft body fat in pigs and poultry. 
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Aleurone 
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Scutellum 


Coleoptile 
Shoot Embryo 
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Root 
Coleorhiza 


Fig. 22.1 Longitudinal section of caryopsis (grain) of wheat. 
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Fig. 22.2 Main limiting indispensable amino acids of cereal grains (g/16 g N). Straight lines 
indicate requirements for chicks; dotted lines indicate requirements for growing pigs. 
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Barley 


The crude fibre content of the harvested grains is highest in those, such as oats 
and rice, that contain a husk or hull formed from the fused glumes (palea and 
lemma), and is lowest in the ‘naked’ grains, wheat and maize. The husk has a diluent 
effect on the grain as a whole and reduces the energy value proportionally. Of the 
grains as harvested, oats has the lowest metabolisable energy value and maize has 
the highest, the respective values (MJ/kg DM) for poultry being around 12 and 16 
and for ruminants 12 and 14. 

Starch occurs in the endosperm of the grain in the form of granules, whose size 
and shape vary with different species. Cereal starches consist of about 25 per cent 
amylose and 75 per cent amylopectin, although ‘waxy’ starches contain greater pro- 
portions of amylopectin. 

The cereals are all deficient in calcium, containing less than 1 g/kg DM. The phos- 
phorus content is higher, being 3-5 g/kg DM, but part of this is present as phytic acid 
(see p. 115), which is concentrated in the aleurone layer. Cereal phytates have the 
property of being able to bind dietary calcium and probably magnesium, thus pre- 
venting their absorption from the gut; oat phytates are more effective in this respect 
than barley, rye or wheat phytates. The cereal grains are deficient in vitamin D and, 
with the exception of yellow maize, in provitamins A. They are good sources of vita- 
min E and thiamin, but they have a low content of riboflavin. Most of the vitamins 
are concentrated in the aleurone layer and the germ of the grain. 

Calves, pigs and poultry depend upon cereal grains for their main source of en- 
ergy, and at certain stages of growth as much as 90 per cent of their diet may consist 
of cereals and cereal by-products. Cereals generally form a lower proportion of the 
total diet of ruminants, although they are the major component of the concentrate 
ration. 


BARLEY 


Barley (Hordeum sativum) has always been a popular grain in the feeding of farm 
animals, especially pigs. In most varieties of barley the kernel is surrounded by a 
hull, which forms about 10-14 per cent of the weight of the grain. 

The metabolisable energy value (MJ/kg DM) is about 13.3 for ruminants and 13.2 
for poultry, and the net energy value for growing pigs is 11.0. The crude protein con- 
tent of barley grain ranges from about 60 g/kg to 160 g/kg DM, with an average 
value of about 115 g/kg DM. As with all cereal grains, the protein is of low quality, 
being particularly deficient in the amino acid lysine. High-lysine mutants of barley 
have been produced by plant breeders and the superior nutritional value of two such 
mutants — Notch 1 and Notch 2 - is shown in Table 22.1. Unfortunately, with many 
of these mutants the yields of grain are much lower (about 30 per cent) than from 
parent varieties, and the starch contents may be reduced. 

The lipid content of barley grain is low, usually less than 25 g/kg DM. The range in 
dry matter composition of 179 samples of barley grain harvested in Wales is given in 
Table 22.2. 

In many parts of the world, and in particular in the UK, barley forms the main con- 
centrate in the diets of pigs and ruminants. In the ‘barley beef’ system of cattle feed- 
ing, beef cattle are fattened on concentrate diets consisting of about 85 per cent 
bruised barley without the use of roughages. In this process the barley is usually 
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Table 22.1 Composition and nutritive value of whole-grain barley samples of 
parent variety NP 113, and of mutant varieties Notch 1 and Notch 2 


NP 113 Notch 1 Notch 2 
Protein (g/kg) 117 157 146 
Lysine (g/16 g N) 3.88 4.00 3.96 
Starch (g/kg) 662 396 414 
Crude fibre (g/kg) 70 104 128 
BV? 0.76 0.86 0.88 
NPU?* 0.66 0.68 0.73 


3 Biological value and net protein utilisation with rats. 


After Balaravi S P et al. 1976 Journal of the Science of Food and Agriculture 27: 545. 


Table 22.2 Dry matter composition of 171 oat and 179 barley grain samples grown in Wales, 1961-63 


Oats Barley 
Range Mean Coeff. of Range Mean Coeff. of 
variation? variation? 

Proximate constitutents (g/kg) 

Crude protein 72-145 107 13.4 66-153 108 15.7 

Crude fibre 80-179 125 13.6 38-73 56 12.5 

Ether extract 9-80 52 20.2 11-32 19 15.8 

Ash 22-41 31 8.7 17-42 25 12.4 
Major mineral elements (g/kg) 

Ca 0.7-1.8 1.1 18.2 0.5-1.6 0.8 25.6 

Mg 1.0-1.8 1.3 13.1 0.9-1.6 1.2 8.3 

K 3.1-6.5 4.7 17.0 3.5-6.3 4.9 12.2 

Na 0.04-0.6 0.2 47.8 0.06-0.4 0.2 41.2 

P 2.9-5.9 3.8 10.5 2.6-5.2 3.8 11.8 

Cl 0.4-1.8 0.9 33.3 0.8-2.2 1.4 21.4 
Trace elements (mg/kg) 

Cu 3.0-8.2 4.7 17.0 3.5-19.8 6.6 27.3 

Co 0.02-0.17 0.05 53.0 0.02-0.18 0.07 48.6 

Mn 22-79 45 28.9 5-47 16 31.3 

Zn 21-70 37 27.0 19-77 37 77.0 
Energy (MJ/kg) 

Metabolisable energy for poultry 9.5-14.4 12.1 7.2 12.9-15.0 14.1 2.6 


a Standard deviation as % of mean. 


After Morgan D E 1967 and 1968 Journal of the Science of Food and Agriculture 18: 21; and 19: 393. 


treated so that the husk is kept in one piece and at the same time the endosperm is 
exposed, the best results being obtained by rolling grain at a moisture content of 
160-180 g/kg. Storage of high-moisture barley of this type can present a problem be- 
cause of the possibility of mould growth. Satisfactory preservation of the moist grain 
can be obtained if it is stored anaerobically. An additional or alternative safeguard is 
to treat the grain with a mould inhibitor such as propionic acid (see p. 526). Grain 
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Fig. 22.3 The brewing process and its by-products. 


stored at high moisture loses its vitamin E content. Certain hazards, such as rumen 
acidosis (rapid fermentation of the starch to lactic acid, resulting in depression 
of digestion of fibre and food intake) and bloat (see p. 178), can be encountered 
with high-concentrate diets given to ruminants, and it is necessary to introduce 
this type of feeding gradually over a period of time. It is important that a protein 
concentrate with added vitamins A and D and minerals be used to supplement high- 
cereal diets of this type. 

Barley should always have the awns removed before it is offered to poultry, 
otherwise digestive upsets may occur. 


Barley by-products 
By-products of the brewing industry (Fig. 22.3) 


In brewing, barley is first soaked and allowed to germinate. During this process, 
which is allowed to continue for about 6 days, a complete enzyme system for hy- 
drolysing starch to dextrins and maltose develops. Although the enzymatic reactions 
have been initiated in this germination, or malting, process, the main conversion of 
the starch in the grain to maltose and other sugars takes place during the next 
process, described as mashing. After germination but before mashing, the grain or 
malt is dried, care being taken not to inactivate the enzymes. The sprouts are re- 
moved and are sold as malt culms or coombs. The dried malt is crushed, and small 
amounts of other cereals such as maize or rice may be added. Water is sprayed on to 
the mixture and the temperature of the mash increased to about 65 °C. 

The object of mashing is to provide suitable conditions for the action of enzymes 
on the proteins and starch, the latter being converted to dextrins, maltose and small 
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amounts of other sugars. After the mashing process is completed, the sugary liquid, 
or wort, is drained off, leaving brewer’s grains as a residue. Brewer’s grains are sold 
wet or dried as food for farm animals. 

The wort is next boiled with hops, which give it a characteristic flavour and 
aroma; the hops are then filtered off and after drying are sold as spent hops. The 
wort is then fermented in an open vessel with yeast for a number of days, during 
which time most of the sugars are converted to alcohol and carbon dioxide. The 
yeast is filtered off, dried and sold as brewer’s yeast. 

The by-products obtained from the brewing process are therefore malt culms, 
brewer’s grains, spent hops and brewer’s yeast. 


Malt culms 


Malt culms consist of the plumule and radicle of barley and are relatively rich in crude 
protein (about 280 g/kg DM). They are also produced as a by-product of the distilling 
industry (see below). They are not a high-energy food, however, and because of their 
fibrous nature their use is generally restricted to the feeding of ruminants and horses. 
The quality of protein in malt culms is poor and this, together with the high fibre con- 
tent, limits their use for pigs to diets for pregnant sows, or at low levels in finishing 
diets. Malt culms have a bitter flavour owing to the presence of the amino acid as- 
paragine, which forms about one-third of the crude protein. However, when mixed 
with other foods they are accepted readily by cattle and have been included in concen- 
trate mixes at levels up to 500 g/kg. A related by-product is malt residual pellets, 
which comprise malt culms and other malt screenings. These have lower fibre and 
higher starch contents than plain malt culms, giving a slightly higher ME for ruminants 
(11.5 MJ/kg v. 11 MJ/kg DM) and lower crude protein (220 g/kg v. 280 g/kg DM). 


Brewer's grains 


Brewer’s grains, or draff, consist of the insoluble residue left after removal of the 
wort. In addition to the insoluble barley residue, this product may contain maize and 
rice residues and, because of this, the composition of the product can be very vari- 
able, as illustrated in Table 22.3. 


Table 22.3 The nutritional value of fresh brewer's grains? 


Mean Range 
Dry matter (g/kg) 263 244-300 
Crude protein (g/kg DM) 234 184-262 
Crude fibre (g/kg DM) 176 155-204 
Ether extract (g/kg DM) 77 61-99 
Total ash (g/kg DM) 41 36-45 
Digestible organic matter (g/kg DM?) 594 552-643 
Metabolisable energy (MJ/kg DM‘) 11.2 10.5-12.0 
Digestible crude protein (g/kg DM9) 185 139-213 


a Results for seven samples selected from widely different sources in the UK. 
b In vitro. 
© Measured in sheep. 


Adapted from Barber W P and Lonsdale C R 1980 Occasional Publication no. 3, Reading, British Society of 
Animal Production, pp. 61-9. 


Barley 


The fresh brewer’s grains contain about 700-760 g water/kg and may be given to 
cattle, sheep and horses in this fresh state or alternatively preserved as silage. More 
brewer’s grains are produced in summer than winter, and therefore ensilage is a pop- 
ular form of storage for winter feeding. The wet product can be dried to about 100 g 
water/kg and sold as dried brewer’s grains. The rumen degradability of the protein of 
the dried product is about 0.6 compared with about 0.8 in the original barley. 
Brewer’s grains are a concentrated source of digestible fibre, and energy losses from 
the rumen as methane are lower than with high-starch feeds. They are high in phos- 
phorus but low in other minerals. Brewer’s grains have always been a popular food 
for dairy cows, but they are of little value for poultry. They are not very suitable for 
pigs except for pregnant sows, which have a large intake capacity and an active hind 
gut fermentation, which enables them to utilise this material. 


Spent hops 

Dried spent hops are a fibrous product and comparable to poor hay in nutritive value, 
but they are less palatable, probably because of their bitter flavour. This product is 
rarely used as a food for animals today, most of it being sold for use as fertiliser. 


Dried brewer's yeast 


Dried yeast is a protein-rich concentrate containing about 420 g crude protein/kg. It 
is highly digestible and may be used for all classes of farm animal. The protein is of 
fairly high nutritive value and is specially favoured for feeding pigs and poultry. It is 
a valuable source of many of the B group of vitamins, is relatively rich in phosphorus 
but has a low calcium content. Other yeasts are now available as protein concen- 
trates; these are described in Chapter 23. 


By-products of the distilling industry 


In distilling, the soluble materials may be extracted, as in brewing, or the whole mass 
fermented, the alcohol then being distilled off. The residue after filtration is sold as 
wet or dried distiller’s grains. In Scotland, whisky distilleries are either malt or grain 
types (Fig. 22.4). The former use barley malt alone, whereas the latter use a mixture 
of cereals, which may include barley, maize, wheat and oats. 


Distiller’s grains (draff) 

The composition of distiller’s grains depends on the starting materials and can vary 
widely (Table 22.4). Malt distiller’s grains are less variable in composition. Grain 
distiller’s grains have a higher energy content than malt distiller’s grains but have a 
lower content of some minerals. In general, distiller’s grains are low in soluble min- 
erals, sodium and potassium, and also in calcium and magnesium. As with brewer’s 
grains, distiller’s grains are a useful feed for dairy cows and are often ensiled for win- 
ter feeding. Most of the lipid in the original grain is retained in this by-product, and 
it has a high content of unsaturated fatty acids, which reduces microbial digestibility 
of fibre in the rumen and depresses intake. Digestibility and intake can be improved 
by the addition of calcium carbonate, which forms insoluble calcium soaps of the 
unsaturated fatty acids, thereby overcoming their effects on the rumen microbes. The 
low dry matter and high fibre contents restrict the inclusion of distiller’s grains in pig 
diets to those for pregnant sows. The production of dried distiller’s grains (distiller’s 
light grains) has now ceased owing to the high costs of drying. 
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Fig. 22.4 (a) The malt distilling process and its by-products. (b) The grain distilling 
process and its by-products. 


Distiller’s solubles 


After distilling off the alcohol, the liquor (‘spent wash’ in grain distilleries and ‘pot 
ale’ in malt distilleries) remaining in the whisky still is evaporated and then spray 
dried to produce a light-brown powder of variable composition known as ‘distiller’s 
solubles’. Lime is added to aid drying so that it is rich in calcium. Only small 
amounts of dried solubles are produced because of the high cost of drying, and their 
use is usually restricted to low levels in diets for pigs and poultry. They are a valuable 
source of the B group of vitamins. Although the protein content is high, the heating 
during drying reduces the availability of the amino acids. The dried solubles are re- 
ported to stimulate the activity of the rumen microflora. A cruder preparation of pot 
ale is the condensed form ‘pot ale syrup’, which contains about 300-500 g DM/kg 


Barley 


Table 22.4 The nutritive value of distiller's grains 


Malt distiller’s Grain distiller’s Malt distiller’s Grain distiller’s 

grains grains (supergrains) dark grains dark grains? 
Dry matter (g/kg) 230 (270°) 260 900 890 (890) 
Crude protein (g/kg DM) 198 320 275 340 (317) 
Ether extract (g/kg DM) 125 106 35 69 (110) 
Crude fibre (g/kg DM) 174 160 121 89 (91) 
Ash (g/kg DM) 36 16 60 52 (46) 
Metabolisable energy (ruminants) 

(MJ/kg DM) 11.1 (10.8°) 13.0 12.2 13.5 (14.0) 
Degradability of crude protein 0.80 0.80 0.70 0.70 (0.70) 
Digestible energy (pigs®) (MJ/kg DM) 11.7 12.0 10.0 10.5 
Lysine (g/kg DM) 5.8 6.9 8.9 7.8 


a Values are for wheat-based (maize-based) dark grains. 

b values for ensiled grains are given in parentheses. 

© Values are applicable for growing/finishing pigs, corrected for less efficient use of products of fermentation; 
values for dry sows are likely to be 10-15 per cent higher. 


Adapted from Black H et a/. 1991 Distillery By-products as Feeds for Livestock, Aberdeen, Scottish Agricultural College. 


and 350 g crude protein/kg DM and has a metabolisable energy value for ruminants 
of 14.2 MJ/kg DM. Much of the crude protein is in the form of breakdown products 
such as peptides and amino acids and is virtually all degradable in the rumen. How- 
ever, the heat treatment results in the protein being of poor quality for pigs, and it 
should be offered with good-quality protein sources, such as fishmeal. The mineral 
content of pot ale syrup is unbalanced, with low calcium and sodium but high phos- 
phorus and potassium contents. It should be given with caution to sheep because of 
its high content of copper, present as a contaminant from copper stills. 


Distiller’s dark grains 


The spent wash or pot ale is often mixed (in proportions of 1:2-1:4) with the 
distiller’s grains and dried together to yield a material sold as ‘distiller’s dried grains 
with solubles’ or ‘dark grains’ (see Table 22.4). The mixture from malt distilleries is re- 
ferred to as ‘malt’ or ‘barley dark grains’, whereas that from grain distilleries is referred 
to as ‘grain’, ‘wheat’ or ‘maize dark grains’. They are usually pelleted. Grain dark grains 
have the higher energy value owing to higher fat and protein contents and a lower 
fibre content. Dark grains generally are a balanced feed for ruminants, but the 
degradability of the protein may vary according to the drying process. Additionally, 
the quality of the undegradable protein may be poor as a result of heat damage. This 
factor also limits the value of the protein for pigs, although with appropriate sup- 
plementation with amino acids the grains can form up to 15 per cent of the diets for 
growing and finishing pigs. Dry sows can be fed at higher levels. Like other distill- 
ery by-products, dark grains are a good source of phosphorus and the copper con- 
tent may be high, especially in malt distiller’s dark grains. Some distilleries sell the 
mixed draff and pot ale syrup in the fresh state, a material known as ‘superdraff’, 
whereas others distil the alcohol directly from the fermented grain mixture, leaving 
a combined grain and solubles product that is then also sold fresh or dried. Thus, the 
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BOX 22.1 Animal food by-products from the biofuel industries 


The production of biofuels (ethanol, butanol and biodiesel) falls into two categories: 


the fermentation of starch or sugar to produce alcohol, which is then obtained by distillation; 
the crushing and expelling of oil from oilseeds (e.g. rapeseed). 


Both processes yield by-products that are useful foods for animals. 

The fermentation of starch from cereals produces ethanol. Wheat is the main grain in Europe and 
maize in the USA. The process is analogous to grain whisky distilling described above (see p. 548). 
The cereal is ground, cooked, liquefied and allowed to cool, then yeast is added with nutrients and 
enzymes, the mash is fermented and the alcohol is distilled off. However, since in the industrial 
process enzymes are used to extract more starch from the grain, the resulting product, which is a 
combination of spent grains (like draff) and yeast (like spent wash), has less starch than the distiller’s 
dried grains and solubles (DDGS, or dark grains) product from whisky distilleries. The DDGS from 
biofuel production has a similar feeding value for ruminants to dark grains. The nutritional value of 
the product varies with the processing plants, which is of concern to pig and poultry nutritionists 
with respect to the digestibility and availability of amino acids. Enzyme preparations have been 
produced to improve the nutritional value of the product. 

Sugars are extracted from sugar beet roots, as described on p. 535, and are fermented to produce 
butanol. The by-product is the familiar sugar beet pulp (see p. 535), which is a valuable fibrous 
energy source for ruminants and can also be fed to pigs. In the Americas, sugars extracted from 
sugarcane are also fermented to produce alcohol; the fibrous by-product, bagasse (see p. 495), is of 
low quality and is only appropriate for feeding to ruminants. 

The crushing and expelling of oil from oilseeds is described on p. 563 and yields rapeseed meal. 
The meal from the expeller process has higher oil and lower protein contents than solvent-extracted 
meals and has a higher energy value. In some cases the seed is merely crushed and even higher levels 
of oil remain. The oil is refined and hydrolysed, yielding fatty acids for biodiesel and glycerol, which 
has several uses, including medical, pharmaceutical, cosmetic and industrial applications and as 
animal food. The gross energy of pure glycerol is 18.1 MJ/kg but the process results in materials with 
varying degrees of water content and contamination. One contaminant that must be controlled is 
methanol, which causes digestive and metabolic disorders. Glycerol is used to alleviate ketosis in 
dairy cows since it is a glucose precursor. Commercial products have a ruminant ME value of 
around 15 MJ/kg and DE and NE values in growing pigs of around 15.5 MJ/kg and 14 MJ/kg, 
respectively. 


distilleries differ in details of the distilling process, resulting in versions of by-products 
that are specific to the distillery. 

A detailed account of the processes and by-products of the brewing and distilling 
industries is given by Crawshaw (see Further reading). 


By-products of the pearl barley industry 


In the preparation of pearl barley for human consumption, the bran coat is removed 
and the kernel is polished to produce a white shiny grain. During this process three by- 
products, described as coarse, medium and fine dust, are produced; these are frequently 
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Maize 


mixed and sold as barley feed. Barley feed contains about 140 g crude protein/ke DM 
and about 100 g crude fibre/kg DM. The amount of this product available in the UK is 
very small. 


MAIZE 


A number of different types of maize (Zea mays) exist, and the grain appears in a 
variety of colours, yellow, white and red. Yellow maize contains a pigment, cryptox- 
anthin, that is a precursor of vitamin A. In the USA, where it is known as corn, large 
amounts of this cereal are grown, the yellow varieties being preferred for animal 
feeding. The pigmented grain tends to colour the carcass fat, which in the UK is not 
considered desirable, so that white maize varieties are preferred for fattening ani- 
mals. However, the pigment is useful in diets for laying hens, where it contributes to 
the production of the orange coloration of egg yolk. 

Maize, like the other cereal grains, has certain limitations as a food for farm 
animals. Though an excellent source of digestible energy it is low in protein, and the 
proteins present are of poor quality (see Fig. 22.2). Maize contains about 730 g 
starch/kg DM, is very low in fibre and has a high metabolisable energy value. The 
starch in maize is digested more slowly in the rumen than that of other grains, and at 
high levels of feeding a proportion of the starch passes into the small intestine, 
where it is digested and absorbed as glucose. This may have advantages in conditions 
such as ketosis (see p. 265), although some of the glucose is used by the viscera and 
this reduces the amount reaching the liver. When the starch is cooked during process- 
ing, it is readily fermented in the rumen. The oil content of maize varies from 40 g/kg 
to 60 g/kg DM and is high in linoleic acid, which is an important factor in the diet 
controlling the egg size of hens. However, it tends to produce a soft body fat. 

The crude protein content of maize is very variable and generally ranges from 
about 90 g/kg to 140 g/kg DM, although varieties have been developed containing 
even higher contents. In the USA, the tendency has been to develop hybrid varieties 
of lower protein content. 

The maize kernel contains two main types of protein. Zein, occurring in the 
endosperm, is quantitatively the more important, but this protein is deficient in the 
indispensable amino acids tryptophan and lysine (see Fig. 22.2). The other protein, 
maize glutelin, occurring in lesser amounts in the endosperm and also in the germ, is 
a better source of these two amino acids. Varieties of maize have been produced 
with amino acid components different from those present in normal maize. One such 
variety is Opaque-2, which has a high lysine content. The difference between this 
variety and normal maize is primarily attributed to the zein/glutelin ratio. 

Opaque-2 has been reported to be nutritionally superior to normal maize for the 
rat, pig, man and chick, but only in methionine-supplemented diets. A newer variety, 
Floury-2, has increased contents of both methionine and lysine and has been shown 
in studies with chicks to be superior to Opaque-2 maize in diets not supplemented 
with methionine. 


Maize by-products 


In the manufacture of starch and glucose from maize, a number of by-products are 
obtained that are suitable for feeding farm animals (Fig. 22.5). 
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Fig. 22.5 The processing of maize to produce starch and the by-products formed. 


The cleaned maize is soaked in a dilute acid solution and is then coarsely ground. 
The maize germ floats to the surface and is removed for further processing. The 
degermed grain is then finely ground and the bran is separated by wet screening. 
The remaining liquid consists of a suspension of starch and protein (gluten), which 
are separated by centrifugation. The process gives rise to three by-products — germ, 
bran and gluten. 

The germ is very rich in oil, which is valued by the human food industry, and most 
is extracted before producing the germ meal. Maize germ meal is a variable product, 
depending on the degree of separation at milling (starch and fibre content) and the 
extraction process — screw versus solvent (oil content). In a study of five samples of 
the meal, the starch, neutral-detergent fibre and oil contents were in the ranges 
435-570 g/kg, 220-572 g/kg and 35-127 g/kg DM, respectively. In the UK, the 
Feeding Stuffs Regulations require the declaration of oil and protein content. The 
protein has a good amino acid balance. The oil in high oil content meals can oxidise 
rapidly if they are not stored under the appropriate conditions. Maize gluten 
(prairie) meal has a very high protein content (up to about 700 g/kg DM) and is high 
in pigments, and so it is valued in poultry diets. The three by-products (germ, bran 
and gluten) are frequently mixed together and sold as maize gluten feed. This food 
has a variable protein content, normally in the range 200-250 g/kg DM, of which 
about 0.6 is degraded in the rumen. Dark brown material indicates heat damage, 
which will decrease the digestibility of the protein. Maize gluten feed has a crude 
fibre content of about 80 g/kg DM, and metabolisable energy values of about 
9 MJ/kg and 12.5 MJ/kg DM for poultry and ruminants, respectively, and a net 
energy value for growing pigs of 8 MJ/kg DM. Since it is a milled product, the fibre 
will not have the same effect as a long roughage in ruminant diets. Nevertheless, 
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Oats 


maize gluten feed has been used as a substantial proportion of the concentrate feed 
of dairy cows. It is generally limited to about 10-20 per cent in pig foods. 


OATS 


The oat (Avena sativa) has always been a favourite cereal for ruminant animals and 
horses but has been less popular in pig and poultry feeding because of its compara- 
tively high fibre content and low energy value. 

The nutritive value of oats depends to a large extent on the proportion of kernel 
(groat) to hull. The proportion of hull in the whole grain depends upon the variety, 
environment and season, and can vary from 23 per cent to 35 per cent (average 
27 per cent). Oats of high hull content are richer in crude fibre and have a lower 
metabolisable energy value than low-hulled oats. 

The crude protein content, which ranges from 70 g/kg DM to 150 g/kg DM, is in- 
creased by the application of nitrogenous fertilisers. Oat proteins are of poor quality 
and are deficient in the essential amino acids methionine, histidine and tryptophan, 
the amount of each of these acids in oat protein being generally below 20 g/kg. The 
lysine content is also low but is slightly higher than that of the other cereal proteins. 
Glutamic acid is the most abundant amino acid of oat protein, which may contain up 
to 200 g/kg. 

The oil content of oats is higher than that of most of the other cereal grains, and 
about 60 per cent of it is present in the endosperm. As mentioned earlier, the oil is 
rich in unsaturated fatty acids and has a softening effect on the body fat. The range in 
dry matter composition of 171 samples of oat grain harvested in Wales is shown in 
Table 22.2. 

The husk of a variant of oats, naked oats (Avena nuda), is removed easily during 
threshing, leaving the kernel. Originally the yield and nutritional quality were low, 
but an improved variety, Rhiannon, was subsequently developed by the Welsh Plant 
Breeding Station (now the Institute for Biological and Environmental Rural Sciences). 
Naked oats have about 130-140 g crude protein, 6 g lysine and 100 g oil/kg DM. 


Oat by-products 


During the commercial preparation of oatmeal for human consumption, a number of 
by-products are obtained that are available for animal feeding. When the oats are 
received at the mill they contain a number of foreign grains, mainly other cereals 
and weed seeds, which are removed as cockle before processing. The cleaned oats are 
then stabilised by steaming to inactivate the enzyme lipase, which is located almost 
entirely in the pericarp of the kernel. After stabilisation, the oats are kiln dried 
before passing on to the huller, which removes the husks. The kernels are then 
brushed or scoured to detach the fine hairs that cover much of their surface. 

The main by-products of oatmeal milling are oat husks or hulls, oat dust and 
meal seeds. The hulls form the main by-product, about 70 per cent of the total, and 
the commercial product consists of the true husks with a variable proportion, up to 
10 per cent, of kernel material. Oat hulls are of very low feeding value, being little 
better than oat straw. Their crude protein content is so low (about 30 g/kg DM) 
that in digestibility studies negative digestibility coefficients for nitrogen are likely 
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to be obtained, as the amount of metabolic nitrogen excreted is greater than that 
digested from them. The crude fibre content is usually in the range 350-380 g/kg 
DM, which makes the by-product valueless as food for animals other than ruminants. 

Oat dust is rich in kernel material and includes the kernel hairs removed from the 
grain during brushing. It has a protein content of about 100 g/kg DM. Meal seeds con- 
sist of slivers of husk and fragments of kernels in approximately equal proportions. 

Oat hulls may be combined with oat dust in the proportion in which they 
come from the mill (4:1) to produce a product sold as ‘oat feed’. This material is 
rather better in feeding value than the hulls alone, but the digestibility of the 
protein is still low. In the UK oat feed should not, by legal definition, contain 
more than 270 g crude fibre/kg. An alternative use for the hulls is in the brewing 
industry, where they are often added to the malt to assist in the drainage of wort 
from the mash tun. 

The dehusked oats themselves (kernels or groats) are of high nutritive value, con- 
taining about 180 g crude protein/kg DM and less than 30 g crude fibre/kg DM. The 
groats are generally too expensive to give to farm animals and are ground into oat- 
meal after removal of the tips. The tips are mixed with any residues that accumulate 
during the flow of the oats during milling and the product is designated ‘flowmeal’. 
Flowmeal can be a very valuable food, since it may contain the germ; most of this 
by-product, however, is absorbed by the compound trade. 

Cooked oatflakes, although expensive, are a useful ingredient in the diet of very 
young piglets. 


WHEAT 


Grain of wheat (Triticum aestivum) is very variable in composition. The crude pro- 
tein content, for example, may range from 60 g/kg DM to 220 g/kg DM, though it 
is normally in the range 80-140 g/kg DM. Climate, soil fertility and variety influ- 
ence the protein content. The amount and properties of the proteins present in 
wheat are very important in deciding the quality of the grain for flour production. 
The most important proteins present in the endosperm are a prolamin (gliadin) 
and a glutelin (glutenin). The mixture of proteins present in the endosperm is often 
referred to as ‘gluten’. The amino acid composition of these two proteins differs, 
glutenin containing about three times as much lysine as that present in gliadin. The 
main amino acids present in wheat gluten are the dispensable acids glutamic acid 
(330 g/kg) and proline (120 g/kg). Wheat glutens vary in properties, and it is 
mainly the properties of the gluten that determine whether the flour is suitable for 
bread or biscuit making. All glutens possess the property of elasticity. Strong 
glutens are preferred for bread making and form a dough that traps the gases 
produced during yeast fermentation. 

This property of gluten is considered to be the main reason why finely ground 
wheat is unpalatable when given in any quantity to animals. Wheat, especially if 
finely milled, forms a pasty mass in the mouth and rumen, and this may lead to 
digestive upsets. Poultry are less susceptible, although wheat with a high gluten con- 
tent should not be given since a doughy mass may accumulate in the crop. Newly 
harvested wheat is apparently more harmful in this respect than wheat that has been 
stored for some time. 


22.6 


Other cereals 


Wheat by-products 


The wheat grain consists of about 82 per cent endosperm, 15 per cent bran or seed coat, 
and 3 per cent germ. In modern flour milling, the object is to separate the endosperm 
from the bran and germ. The wheat, after careful cleaning and conditioning, is blended 
into a suitable mix (grist), depending upon the type of flour required, and is passed 
through a series of rollers arranged in pairs. The first pair of rollers have a tearing action 
and release the bran coat from the endosperm. The rollers gradually break up the ker- 
nels and at the end of the various stages the flour is removed by sieving. The proportion 
of flour obtained from the original grain is known as the extraction rate. The mechani- 
cal limitations of milling are such that in practice about 75 per cent is the limit of white 
flour extraction; higher extraction rates result in the inclusion of bran and germ with 
the flour. In the UK, wholemeal and brown flour are frequently made by adding all, or 
some of, the milling by-products, respectively, to the straight-run white flour. Alterna- 
tively, the whole grain may be ground between stones to form a coarse wholemeal. 

In the production of white flour, the extraction rate varies in different countries, 
but in the UK it is about 74 per cent. The remaining 26 per cent constitutes the 
residues, or offals. Before roller milling replaced stone milling, many different grades 
of wheat offals were sold. The names of these varied in different parts of the country 
and even from mill to mill. Some names simply indicate the quality of the by- 
product or the stage of the process at which they arose, for example middlings and 
thirds. In modern roller milling, the offals may be sold complete as straight-run 
wheat feed or as three separate products — germ, fine wheat feed (shorts in the USA; 
pollard in Australia) and coarse wheat feed or bran. 

The germ or embryo is very rich in protein (ca. 250 g/kg DM), low in fibre, and an 
excellent source of thiamin and vitamin E. It may be collected separately or may be 
allowed to flow on to the fine wheat feed by-product. 

Fine wheat feed varies considerably in composition, depending on the original 
grist and the extraction rate. The crude protein content is generally within the range 
160-210 g/kg DM and the crude fibre content about 40-100 g/kg DM. Fine wheat 
feed can be safely used for all classes of farm animals and levels up to 30 per cent 
can be used satisfactorily in diets for finishing pigs. 

Coarse wheat feed, or bran, contains more fibre and less protein than fine wheat feed 
and has always been a popular food for horses. It is not considered to be a suitable food 
for pigs and poultry because of its high fibre content. However, very little bran is now 
available for feeding animals, as most of it is used in the preparation of breakfast cereals. 


OTHER CEREALS 
Rice 


Rice (Oryza sativa), the main cereal crop of eastern and southern Asia, requires a sub- 
tropical or warm temperate climate, and little is grown in Europe north of latitude 49°. 

Rice, when threshed, has a thick fibrous husk or hull like that of oats, and in this 
state is known as rough rice. The hull amounts to some 20 per cent of the total weight 
and is rich in silica. The hull is easily removed to leave a product known as brown rice. 
Brown rice is still invested in the bran, which may be removed with the aleurone 
layer and the germ by skinning and polishing, thus producing polished rice. 
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Rough rice may be used as a food for ruminants and horses, but brown rice is 
preferable for pigs and compares favourably with maize in protein and energy value. 
Most rice, however, is used for human consumption and little is available in the UK 
for farm animals. 

The two main by-products obtained from rice milling are the hulls and rice meal. 
The hulls are high in fibre content and can contain up to 210 g/kg DM of silica. They 
also have sharp edges, which may irritate the intestine and should never be given to 
animals. Rice meal or rice bran comprises the pericarp, the aleurone layer, the germ 
and some of the endosperm, and is a valuable product containing about 120-145 g 
crude protein/kg DM and 110-180 g oil/kg DM. The oil is particularly unsaturated 
and may become rancid very quickly; if it is removed, a product, extracted rice bran, 
of better keeping quality is obtained. The amounts of oil, crude protein and crude 
fibre in rice meal sold in the UK must be declared. 

In the preparation of starch from rice, a product known as rice sludge or rice slump is 
left as a residue. The dried product has a crude protein content of about 280 g/kg DM 
and low crude fibre and oil contents, and is suitable for ruminants and pigs. 


Rye 


The use of rye (Secale cereale) in the UK is relatively small and little is grown for 
feeding farm animals. Rye grain is very similar to wheat in composition, although rye 
protein has higher lysine and lower tryptophan contents than wheat protein. It is re- 
garded as being the least palatable of the cereal grains. It is also liable to cause diges- 
tive upsets and should always be given with care and in restricted amounts. 

Rye contaminated with ergot (Claviceps purpurea) may be dangerous to animals. 
This fungus contains a mixture of alkaloids, of which ergotamine and ergometrine 
are the most important and, in view of their action on uterine muscle, have been im- 
plicated as a cause of abortion in cattle consuming ergot-infested rye. However, it is 
not certain that the quantity of ergotamine could be sufficient to cause abortion. 
More importantly, chronic poisoning by the alkaloids causes injury to the epithelium 
of the capillaries, reducing blood flow and resulting in coldness and insensitivity of 
the extremities. Subsequently, lameness and necrotic lesions occur in the feet, tail 
and ears of mammals and the comb, tongue and wattle of birds. 

Like wheat, rye should be crushed or coarsely ground for feeding to animals. Rye 
is not commonly given to poultry. Studies with chicks have shown that rye contains 
at least two detrimental factors, an appetite-depressing factor located primarily in 
the bran, and a growth-depressing factor found in all parts of the grain. 

Most of the rye grown in the UK is used for the production of rye breads and 
speciality products for human consumption. Some is used for brewing and distilling. 
The offals from the production of rye malt are rye bran and rye malt culms, but these 
are available in such small amounts in the UK as to be of little importance. 


Triticale 


Triticale is a hybrid cereal derived from crossing wheat with rye. Its name is derived 
from a combination of the two generic terms for the parent cereals (Triticum and 
Secale). The objective in crossing the two cereals was to combine the desirable 
characteristics of wheat, such as grain quality, productivity and disease resistance, 
with the vigour and hardiness of rye. 


Other cereals 


Triticale is grown commercially in central and northern Europe, North America 
and South America, mainly for animal feeding. Its composition is very variable; Hun- 
garian strains, for example, can range in crude protein content from 110 g/kg DM to 
185 g/kg DM. Recent strains of triticale are at least equal in protein content to 
wheat, and the quality of protein in the hybrid is better than that in wheat because 
of its higher proportion of lysine and sulphur-containing amino acids. However, it is 
deficient in tryptophan. As with rye, triticale is subject to ergot infestation. Studies 
using this hybrid have demonstrated increased liver abscesses in steers when com- 
pared with sorghum diets. Triticale contains trypsin inhibitors and alkyl resorcinols, 
and both of these have been implicated in problems of poor palatability and per- 
formance in pigs. It is generally recommended that triticale be limited to 50 per cent 
of the grain in the diets of farm animals. 


Millet 


The name ‘millet’ is frequently applied to several species of cereals that produce small 
grains and are widely cultivated in the tropics and warm temperate regions of the world. 

The most important members of this group include Pennisetum americanum 
(pearl or bulrush millet), Panicum miliaceum (proso or broomcorn millet), Setaria 
italica (foxtail or Italian millet), Eleusine coracana (finger or birdsfoot millet), 
Paspalum scorbiculatum (kodo or ditch millet) and Echinochloa crusgalli (Japanese 
or barnyard millet). 

The composition of millet is very variable, the crude protein content being 
generally within the range 100-120 g/kg DM, the ether extract 20-50 g/kg DM and 
the crude fibre 20-90 g/kg DM. 

Millet has a nutritive value very similar to that of oats and contains a high content 
of indigestible fibre owing to the presence of hulls, which are not removed by ordi- 
nary harvesting methods. Millet is a small seed and is usually ground for feeding 
animals other than poultry. 


Sorghum 


Sorghum (Sorghum bicolor) is the main food grain in Africa and parts of India and 
China. This cereal is also grown in the southern parts of the USA, where it is the second 
most important feed grain. It is more drought-resistant than maize, for which it is used 
as a replacement. There are many different types of sorghum (e.g. dari, milo) and, as 
they vary in grain size, typical analyses can be misleading when applied to individual 
samples. 

The kernel of sorghum is very similar to that of maize, although it is smaller in size. 
It generally contains rather more protein but less oil than maize and has no pigment- 
ing xanthophylls. Dark varieties contain tannins, which reduce protein digestibility. 
Whole sorghum grains can be given to sheep and poultry but are usually ground for 
other animals. Care is needed in the grinding process, as this may produce a fine 
powder, which is pasty and unpalatable. 


Cereal grain screenings 


Grain screenings are the residues from the preparation, storage and shipment of cereal 
products and comprise broken pieces of grain, small grains and the dust from the outer 
layers of the grain. Their properties and nutritional quality vary widely according to 
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22.7 


factors such as type and method of processing of grain and collection point in the sys- 
tem. Screenings from the individual cereals may be sold separately or in combination. 
Problems associated with their use include the presence of weed seeds and, in old 
products, mycotoxins and rancidity of oils. 


CEREAL PROCESSING 


The processing of cereals for use as animal foods, by simple techniques such as 
rolling or grinding, has been common practice for many years. More recently, a range 
of other techniques have become available, and these can be classified into two basic 
types — hot processes, in which heat is either applied or created during the treatment 
process, and cold processes, in which the temperature of the grain is not increased 
significantly. The hot treatments include steam flaking, micronisation, roasting and 
hot pelleting. Steam flaking is often carried out on maize by cooking the grain with 
steam, and then passing it through rollers to produce a thin flake, which is then 
dried. Flaked maize is considered to be more acceptable to animals and is of slightly 
higher digestibility than the unprocessed grain. Steaming and flaking are also known 
to increase the proportion of propionic acid in the volatile fatty acids in the rumen. 
Whereas about 75 per cent of the starch of ground maize is digested in the rumen, 
this is increased to about 95 per cent following steaming and flaking. Even larger 
effects have been recorded with sorghum (ground 42 per cent v. steam processed 
91 per cent). Conversely, the starch of ground barley is well digested in the rumen, as 
is that of ground wheat. 

The term ‘micronisation’, in the context of grain processing, is used specifically to 
describe cooking by radiant heat followed by crushing in a roller mill. In this process 
the starch granules swell, fracture and gelatinise, thus making them more available to 
enzyme attack in the digestive tract. For poultry, hot (steam) pelleting appears to be 
superior to cold pelleting, as measured by growth rate and feed conversion effi- 
ciency. Steam-processed or pressure-cooked sorghum grains also appear to be better 
utilised than unprocessed sorghum by chicks. Cooked cereals are also desirable in 
the diet of young pigs, which have a limited capacity to digest raw starch. 

The ‘cold processes’ include grinding, rolling, cracking or crimping, cold pelleting, 
and addition of organic acids or alkalis. Grinding of cereals is essential for maximum 
performance of poultry kept under intensive conditions as they do not have access 
to grit, which is used in the gizzard to break down grains. Pigs are rather poor chew- 
ers of food; when given whole cereal grains, a high proportion passes through the gut 
undigested. Therefore, pigs are usually given ground grains; those receiving ground 
barley generally perform better than those given crimped barley. Efficient rolling to 
produce flattened grains is also successful. The degree of grinding should not be 
excessive, as grinding beyond a certain fineness does not improve digestibility or 
performance and can precipitate problems with regard to the health of the pigs. Fine 
grinding can produce dusty material that can be inhaled and can cause irritation to 
the eyes and may induce vomiting. In addition, feeding with finely ground cereals, 
particularly wheat and maize, is associated with ulceration of the oesophageal region 
of the stomach. Here, the fine particles result in very fluid stomach contents, and 
pepsin and acid are transported very easily within the stomach and reach the unpro- 
tected oesophageal region. The increased fluidity may also result in regurgitation of 
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duodenal digesta. With wheat there is the additional problem of fine grinding produc- 
ing an unpalatable pasty mass in the mouth. However, coarse grinding of wheat re- 
sults in poor digestibility; efficient rolling of the grain produces the best product, but 
this can be difficult to achieve. Owing to their high fibre content, fine grinding of oats 
produces the best response. 

In the case of horses, starch digestibility from cereals over the whole gut is high, 
irrespective of the cereal source. However, this masks the extent of digestion in the 
different segments of the gut. It is important that the starch is mainly digested pre- 
caecally, since starch that reaches the large intestine will be fermented by the micro- 
bial population to produce acids, including lactic acid. Although the fermentation of 
starch in the large intestine has improved the utilisation of very poor roughages, such 
as straw, probably by providing additional nutrients to the microbes, lactic acid 
production is detrimental to the health of the horse. Lactic acid reduces the pH of 
the digesta, irritates the gut wall, and causes the death of the normal fibre-digesting 
bacteria with the release of endotoxins, which are absorbed into the bloodstream 
and can cause laminitis. Opportunity for starch digestion in the small intestine of the 
horse is limited by a rapid transit of digesta and limited a-amylase activity. The 
capacity for digestion of starch in the small intestine is around 3 g/kg body weight 
per meal, depending on the source of the starch. Thus, methods of processing cereals 
to ensure rapid digestion of starch in the small intestine are desirable. In the case of 
oats, the size of the grain is appropriate for effective disruption by chewing, and the 
starch granules are small and easily digested, and so oats can be given whole to 
horses. Barley and wheat grains are small and escape efficient breakage during chew- 
ing, and they need to be physically broken in order to expose the endosperm. Maize 
grains, on the other hand, are large but tend to be hard, and so they also require 
breakage. Bruising or coarse grinding of cereal grains rather than complete disinte- 
gration by fine grinding is more desirable since the latter does not give a further 
increase in starch digestion and creates an unpalatable, pasty product that is less 
stable in storage. Heat treatment by steam flaking, micronisation or extrusion 
increases the susceptibility of the starch to digestion in the small intestine and 
reduces the amount reaching the large intestine. 

It is generally accepted that for cattle, barley grain should be coarse ground or 
rolled. When consumed whole, a large proportion of the grains escape chewing and 
digestion, the amount being greater for older animals, possibly owing to their larger 
reticulo-omasal orifice allowing the grains to escape from the rumen more easily. 
The proportion escaping digestion also depends on the forage/grain ratio in the diet. 
In high-grain diets, such as those used for ‘barley beef’ production, more of the 
whole grain is digested and the proportion appearing in the faeces can drop signifi- 
cantly, especially with light barley. In such cases, the benefit from processing must 
be weighed against its cost. Studies with grains in nylon bags suspended in the 
rumen of cattle have shown that only minor damage to the seed coat is required for 
efficient digestion by the microflora. Therefore, the degree of processing should be 
minimal, as this avoids acidic conditions in the rumen. With sheep, however, because 
they masticate their feed so well, there is generally no advantage in processing 
grains. This is illustrated in Table 22.5, which shows the results of a study with early- 
weaned lambs given whole grains or ground and pelleted grains. There were no 
marked effects of grinding and pelleting on liveweight gain and food conversion ef- 
ficiency, although there were differences between cereals. Although processing had 
no effect on nitrogen digestibility, it significantly depressed the organic matter 
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Table 22.5 Performance and digestibility of early weaned lambs given four cereals 


Cereal Processing Liveweight Feed conversion Digestibility 
gain (g/day) efficiency Organic matter Nitrogen 
(kg feed/kg gain) 
Barley Whole, loose 340 2.75 0.81 0.72 
Ground, pelleted 347 2.79 0.77 0.66 
Maize Whole, loose 345 2.52 0.84 0.75 
Ground, pelleted 346 2.62 0.82 0.69 
Oats Whole, loose 241 3.07 0.70 0.78 
Ground, pelleted 238 3.33 0.68 0.77 
Wheat Whole, loose 303 2.97 0.83 0.71 
Ground, pelleted 323 2.56 0.87 0.76 


Adapted from Ørskov E R, Fraser C and Gordon J G 1974 British Journal of Nutrition 32: 59; and Ørskov E R, Fraser C and McHattie | 
1974 Animal Production 18: 85. 
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digestibility of barley and increased that of wheat. Furthermore, whole grain feed- 
ing had two additional advantages over pelleted grain. First, high levels of pelleted 
barley for lambs resulted in unacceptably soft fat, which was due to the deposition 
of increased amounts of branched chain and odd-numbered fatty acids. This oc- 
curred as a result of a failure of the liver to metabolise the increased propionate, 
leading to its direct incorporation into fatty acids (odd-numbered chains) and the 
utilisation of methyl malonate (branched chains). Second, the occurrence of ru- 
menitis in lambs fed on high-concentrate diets was less pronounced with whole bar- 
ley than with rolled and pelleted barley. This may be related to the lower rumen pH 
with processed barley. One exception to the use of whole grain in sheep diets is that 
it should not be given to ewes as a supplement to silage. Here, a significant propor- 
tion of the grains would escape digestion. 

Organic acids, such as propionic acid, are sometimes added to high-moisture 
grain, especially barley, as a mould inhibitor. Unless the acid is effectively distrib- 
uted, patches of mouldy grain may present a health hazard. Certain Fusarium 
species have been associated with such mouldy grain, and these are known to pro- 
duce metabolites such as zearalenone, which has oestrogenic activity and can cause 
vulvovaginitis and the characteristic splay-leg syndrome in pigs. The required rate of 
application of the acid increases with the moisture content of the grain. With grain 
containing up to 250 g moisture/kg (750 g dry matter/kg), barley can be treated and 
stored whole and processed at the time of feeding. Alternatively, the grain can be 
processed and the acid applied before sealing in a pit. This technique generally re- 
quires a higher rate of application (by about 10 per cent) of acid. With higher mois- 
ture contents of 350-450 g/kg, the grain can be crimped and the propionic acid, in 
combination with other short-chain fatty acids and formaldehyde, is applied before 
storage of the grain in a sealed pit. The latter two methods result in a product that 
does not require further processing before being given to cattle. 

Chemical treatment with sodium hydroxide, in granular form or solution, has 
been used as an alternative to mechanical treatment (e.g. rolling) of barley and other 
cereal grains. The intention is to soften the husk but not to expose the endosperm to 
rapid fermentation in the rumen, which would create excessively acid conditions. 
Originally, in practice it proved difficult to achieve these objectives by sodium 
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hydroxide treatment of barley. However, a method of treating barley and wheat 
grains has been developed using a mixer wagon. Sodium hydroxide and water 
(depending on the moisture content of the grain) are added, followed by mixing and 
then spreading the treated grain to allow it to cool. It is then heaped up and is ready 
for feeding after 4 days. Treated wheat grain is considered to have beneficial effects 
on dairy cows, especially in counteracting very acid or highly buffered silages, in 
addition to any effects of reducing the rate of fermentation in the rumen. 

Satisfactory liveweight gains have been achieved with ammonia-treated whole 
moist barley and wheat given to beef cattle. Use of ammonia preserves the grain and 
increases its crude protein (rumen-degradable protein) content in addition to elimi- 
nating the need to dry and process the grain. Ammonia-treated grain was eaten at a 
slower rate than processed grain, which is advantageous in that it reduces the chance 
of the development of acid conditions in the rumen. Although some whole grain 
passed through the animal undigested, this had no effect on performance. Treating 
grain with ammonia requires specialised equipment. A more simple method of treat- 
ment has now been adopted that uses a solution of urea and employs the natural 
urease enzyme activity of the grain to release ammonia, which dissolves in the mois- 
ture on the grain. This method is easily applied on farm and retains all the advantages 
of ammonia treatment outlined above. Grain is harvested at 250-300 g moisture/kg 
and a concentrated urea solution is applied using an auger at the rate of 30 g urea/kg 
DM for wheat or 40 g/kg DM for barley. The grain is then sealed in a clamp and left 
for 4 weeks, during which time the urea is converted to ammonia, which attacks the 
seed coat. 


SUMMARY 


1. 


Cereals are the principal sources of energy in 
diets for non-ruminants and in concentrates 
for ruminants. 


. Cereals are characterised by high starch and 


low fibre contents. 


. The crude protein content of cereals ranges 


from 80 g/kg to 130 g/kg dry matter. 


. The calcium content is low. The phosphorus 


content is moderate but has a reduced avail- 
ability to non-ruminants, much of it being in 
the form of phytate phosphorus. 


. There are many cereal by-products from the 


human food-processing industry that are use- 
ful as foods for animals. The by-products of 
the brewing industry are malt culms, brewer's 
grains, spent hops and dried brewer's yeast. 
The main by-products of the distilling industry 
are distiller’s grains, pot ale syrup and dried 
distiller’s dark grains. Maize by-products from 
starch production include maize germ meal, 


prairie meal and maize gluten feed. Oat 
milling by-products include oat hulls, oat feed 
and flowmeal. Wheat bran and wheat feed are 
by-products of flour milling. 


. There are several methods of processing of 


cereals. The extent of or need for processing 
varies between the grains and the target 
animals. Generally, the outer layer of the grain 
has to be disrupted in some way in order to 
ensure efficient digestion of the starchy en- 
dosperm. Inapproproiate processing can lead 
to problems such as gastric ulcers in pigs and 
acidosis in the hind gut of horses. Poultry that 
have access to grit, and sheep, can be given 
whole grains. 


. Organic acids are used to preserve high- 


moisture grain. 


8. Chemical treatment with sodium hydroxide, 


ammonia or urea can be used as an alternative 
to physical processing of grains for ruminants. 
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QUESTIONS 


22.1 How should cereal grains be processed for cattle, sheep, pigs, poultry and 
horses? 

22.2 What problems can occur with diets containing large amounts of cereals 
when fed to cattle? 

22.3 Describe the limitations of cereal proteins for livestock. 

22.4 Describe the by-products of the brewing and distilling industries that are 
used as animal foods. 
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Protein concentrates 


23.1 Oilseed cakes and meals 

23.2 Oilseed residues of minor importance 

23.3 Leguminous seeds 

23.4 Animal protein concentrates 

23.5 Milk products 

23.6 Single-cell protein 

23.7 Synthetic amino acids 

23.8 Non-protein nitrogen compounds as protein sources 


OILSEED CAKES AND MEALS 


Oilseed cakes and meals are the residues remaining after removal of the greater part 
of the oil from oilseeds. The residues are rich in protein (200-500 g/kg) and most are 
valuable foods for farm animals. The total usage of these products by the animal feed 
industry in Britain in 2008 was of the order of 2.6 million tonnes. This is similar to 
the figure of 2.7 million in 1999, but less than the 3.5 million tonnes used in 1991. 

Soya bean meal made up about 45 per cent of the total in 2008 (compared with 
38 per cent in 1999), and rapeseed, at 29 per cent, was again the next largest contrib- 
utor (Table 23.1). The trend from 2005 to 2008 indicates an increased usage of both 
soya bean and rapeseed meal, but particularly for soya bean meal. By contrast, usage 
of sunflower meal and whole seeds decreased, contributing 8 per cent and 1.5 per cent 
in 2008, respectively. The remaining 16 per cent encompassed a wide range of less 
well-known products such as sheanut, sesame and guar as well as the more familiar 
products such as linseed and cotton seed meals. 

Most oilseed residues are of tropical origin; they include groundnut, cotton seed 
and soya bean. Some seeds such as castor bean yield residues are unsuitable for ani- 
mal consumption because they contain toxic substances. 

Two main processes are used for removing oil from oilseeds. One uses pressure to 
force out the oil, and the other uses an organic solvent, usually hexane, to dissolve 
the oil from the seed. Some seeds, such as groundnut, cotton seed and sunflower, 
have a thick coat or husk, rich in fibre and of low digestibility, which lowers the nu- 
tritive value of the material. It may be completely or partially removed by cracking 
and riddling, a process known as decortication. The effect of decortication of cotton 
seed upon the nutritive value of the cake derived from it is shown in Table 23.2. 
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Table 23.1 Usage of oilseed products by the British feed-compounding industry, 


2005-2008 
Raw material Usage per year (million tonnes)? 
2005 2006 2007 2008 
Soya bean meal 0.888 0.982 1.161 1.198 
(40.0) (40.3) (44.4) (45.3) 
Rapeseed meal 0.606 0.666 0.712 0.768 
(27.8) (27.3) (27.5) (29.0) 
Sunflower meal 0.266 0.286 0.256 0.204 
(12.0) (11.7) (9.8) (7.7) 
Whole oilseeds 0.049 0.051 0.058 0.04 
(2.2) (2.1) (2.2) (1.5) 
Others 0.399 0.452 0.421 0.434 
(18.0) (18.6) (16.1) (16.4) 
Total 2.217 2.438 2.614 2.643 


a Figures in parenthesis are percentages of the total. 


Table 23.2 Composition and nutritive value of cotton seed cakes 


Composition (g/kg) 


Dry matter Crude protein Ether extract N-free extractives Crude fibre Ash 

Undecorticated 880 231 55 400 248 66 

Decorticated 900 457 89 293 87 74 
Digestibility Metabolisable 


energy (MJ/kg DM 
Crude protein Ether extract N-free extractives Crude fibre ay ( 9 ) 


Undecorticated 0.77 0.94 0.54 0.20 8.5 
Decorticated 0.86 0.94 0.67 0.28 12.3 


Removal of the husk lowers the crude fibre content and has an important effect in 
improving the apparent digestibility of the other constituents. As a result, the nutritive 
value of the decorticated cake is raised significantly above that of the undecorticated 
cake. The latter is suitable for feeding adult ruminants only. In this class of animal, it 
may have a particular role in maintaining the fibre levels of the diets. Undecorticated 
cakes are rarely produced nowadays but partial decortication is widely practised. 

In the press process, the seed from which oil is to be removed is cracked and 
crushed to produce flakes about 0.25 mm thick, which are cooked at temperatures up 
to 104 °C for 15-20 minutes. The temperature is then raised to about 110-115 °C 
until the moisture content is reduced to about 30 g/kg. The material is then passed 
through a perforated horizontal cylinder in which revolves a screw of variable pitch 
that gives pressures up to 40 MN/m2. The residue from screw pressing usually has 
an oil content of 25-40 g/kg. The cylindrical presses used for extraction are called 
expellers and the method of extraction is usually referred to as the expeller process. 

Only material with an oil content of less than 350 g/kg is suitable for solvent 
extraction. If material of higher oil content is to be so treated, it first undergoes a 
modified screw pressing to lower the oil content to a suitable level. The first stage in 
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Table 23.3 Nutritive value of some food proteins 


Source Biological Chemical Protein efficiency Gross protein 
value (rat) score ratio (rat) value (chick) 

Oats 0.65 0.46 

Wheat 0.67 0.37 1.5 

Maize 0.55 0.28 1.2 

Cotton seed meal 0.80 0.37 2.0 0.77 

Groundnut meal 0.58 0.24 1.7 0.48 

Soya bean meal 0.75 0.49 2.3 0.79 

White fishmeal 0.77 1.02 

Milk 0.85 0.69 2.8 0.90 

Whole egg 0.95 1.00 3.8 


solvent extraction is flaking; after this, the solvent is allowed to percolate through 
the flakes, or a process of steeping may be used. The oil content of the residual ma- 
terial is usually below 10 g/kg and it still contains some solvent, which is removed by 
heating. Some meals may benefit from being heated, and advantage is taken of the 
evaporation of the solvent to do this; soya bean meal, for example, is toasted at this 
stage in its production. 

About 950 g/kg of the nitrogen in oilseed meals is present as true protein, which 
has an apparent digestibility of 0.75-0.90 and is of good quality. When biological 
value is used as the criterion for judging protein quality, that of the oilseed proteins 
is considerably higher than that of the cereals (Table 23.3). 

Some of the oilseed proteins approach animal proteins such as fishmeal and meat 
meal in quality, though as a class they are not as good. Certainly the oilseed proteins 
are of poorer quality than the better animal proteins such as those of milk and eggs. 
The figures for protein efficiency ratio and gross protein value confirm the good 
quality of the oilseed proteins, but their chemical scores are low. This means that 
they have a poorly balanced amino acid constitution, having a large deficit of at least 
one essential amino acid. In general, oilseed proteins have a low cystine and methio- 
nine content and a variable but usually low lysine content. As a result, they cannot 
provide adequate supplementation of the cereal proteins with which they are com- 
monly combined, and they are often used in conjunction with an animal protein 
when given to simple-stomached animals. The quality of the protein in a particular 
oilseed is relatively constant, but that of the cake or meal derived from it may vary 
depending upon the conditions used for the removal of the oil. The high tempera- 
tures and pressures of the expeller process may denature the protein and reduce its 
digestibility, with a consequent lowering of its nutritive value. For ruminant animals, 
such a denaturation may be beneficial owing to an associated reduction in degrad- 
ability. The high temperatures and pressures also allow control of deleterious sub- 
stances such as gossypol and goitrin. Solvent extraction does not involve pressing, 
temperatures are comparatively low, and the protein value of the meals is almost the 
same as that of the original seed. 

Owing to EU legislation prohibiting the use in ruminant diets of animal-derived 
protein sources, which are generally high in undegradable protein, sources of rumi- 
nally protected vegetable protein sources have been developed. These sources have a 
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reduced rumen-degradable protein content and subsequently increased undegrad- 
able protein content when compared with unprotected sources. They are most useful 
when fed to higher-producing animals such as high-yielding dairy cows, lactating 
ewes, and young growing animals that have a higher digestible undegradable protein 
requirement. Several methods to reduce the rate and extent of ruminal degradation 
of feed proteins have been developed, including heat treatment and the use of chem- 
ical agents such as formaldehyde or lignosulphate, a by-product of the wood pulp 
industry that contains a variety of sugars, particularly xylose. Heat processing 
decreases protein degradation in the rumen by denaturing proteins and the forma- 
tion of protein-carbohydrate cross-links (Maillard reactions) and protein-protein 
cross-links. Underheating results in little effect on ruminal degradability, whereas 
overheating reduces intestinal digestibility and a significant loss of lysine. Chemicals 
such as aldehydes introduce cross-linkages in proteins that are resistant to microbial 
attack, whereas the combination of heat and xylose enhances non-enzymic browning 
(Maillard reactions) due to the increased availability of sugar aldehydes that react 
with the protein. In general, these protected sources decrease rumen-degradable 
protein and increase the rumen-undegradable protein content by approximately 
100-350 g/kg dietary protein, although it also reduces intestinal digestibility. In the 
Cornell net carbohydrate and protein system, Maillard products are assumed to be 
totally indigestible. 

The oilseed cakes may make a significant contribution to the energy content of 
the diet, particularly when the oil content is high. This will depend upon the process 
used and its efficiency. Expeller soya bean meal may have an oil content of 66 g/kg 
DM and a metabolisable energy concentration for ruminants of 14MJ/kg DM, 
whereas solvent-extracted meal has 17 g of oil and 12.3 MJ of metabolisable energy 
per kilogram of dry matter. Digestive disturbances may result from uncontrolled use 
of cakes rich in oil and, if the oil is unsaturated, milk or body fat may be soft and the 
carcass quality lowered. 

The oilseed meals usually have a high phosphorus content, which tends to aggra- 
vate their generally low calcium content. They may provide useful amounts of the 
B vitamins but are poor sources of carotene and vitamin E. 


Soya bean meal 


Soya beans contain 160-210 g/kg of oil and are normally solvent-extracted; the 
residual meal has an oil content of about 10 g/kg. Hi-Pro soya does not have the 
hulls reblended and is therefore generally higher in protein and energy and lower in 
fibre than other sources. The meal is generally regarded as one of the best sources of 
protein available to animals, and in 2008 it was the major protein source used in 
animal feeding in the UK. The protein contains all the essential amino acids, but the 
concentrations of cystine and methionine are suboptimal. Methionine is the first lim- 
iting amino acid and may be particularly important in high-energy diets. 

Soya bean meal contains a number of toxic, stimulatory and inhibitory substances 
including allergenic, goitrogenic and anticoagulant factors. Of particular importance 
in nutrition are the protease inhibitors, of which six have been identified. Two of 
these, the Kunitz anti-trypsin factor and the Bowman-Birk chymotrypsin inhibitor, 
are of practical significance. The protease inhibitors are partly responsible for the 
growth-retarding property of raw soya beans and unheated soya bean meal. The 
retardation has been attributed to inhibition of protein digestion, but there is evidence 
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that pancreatic hyperactivity results in increased production of trypsin and chy- 
motrypsin. The consequent loss of cystine and methionine accentuates the marginal 
status of soya bean meal with regard to these acids and results in induced deficien- 
cies of both. The Kunitz factor, but not the Bowman-Birk factor, is inactivated 
(80-40 per cent) by human gastric juice in vivo at pH 1.5-2.0. However, the pH of 
the stomach is above 2.0 most of the time. The Bowman-Birk factor is inactivated 
in its passage through the intestine of the chick. 

Another substance contributing to the growth retardation is a haemagglutenin, 
which is capable of agglutinating red blood cells in rats, rabbits and human beings 
but not in sheep and calves. The toxic agent belongs to a group of compounds known 
as lectins. These are proteins capable of recognising and binding reversibly to the car- 
bohydrate moieties of glycoproteins on the surface of cell membranes, and they 
have been shown to be responsible for impaired growth and death in test animals. 
They exert their toxicity by binding to the epithelial cells lining the small intestine, 
disrupting the brush border and reducing the efficiency of the absorption of nutri- 
ents. Lectins have also been shown to cause inhibition of brush-border hydrolases. It 
has been suggested that lectins impair the body’s defence system against bacterial 
infection, and there is then an increased tendency for invasion of the body by the gut 
microflora. Others have postulated that lectins encourage colonisation of the small 
intestine by coliforms. About half the growth-retarding effect of soya bean meal in 
monogastric animals has been attributed to the lectin content. Their toxicity varies, 
being extreme in the castor bean but relatively mild in the soya bean. The inhibitors 
are inactivated by heating, which accounts for the preference shown for toasted meals 
for simple-stomached animals. For ruminant animals, the inhibitors are not impor- 
tant and toasting is unnecessary. The process of toasting must be carefully controlled 
since overheating will reduce the availability of lysine and arginine and reduce the 
value of the protein. 

Provided the meal has been properly prepared (has less than a specified maxi- 
mum urease activity of 0.4 mg N/g per minute), it forms a very valuable food for 
farm animals. However, if soya bean meal is used as the major protein food for 
simple-stomached animals, certain problems arise. The meal is a poor source of B vi- 
tamins, and these must be provided either as a supplement or in the form of an ani- 
mal protein such as fishmeal. If such supplementation is not practised, sows may 
produce weak litters that grow slowly because of reduced milk yields; older pigs 
show lack of coordination and failure to walk. On such diets, breeding hens produce 
eggs of poor hatchability, giving chicks of poor quality; such chicks may have an 
increased susceptibility to haemorrhages owing to a shortage of vitamin K. Soya bean 
meal is a better source of calcium and phosphorus than the cereal grains, but when it 
replaces animal protein foods, adjustments must be made in the diet, particularly for 
rapidly growing animals and laying hens. As long as adequate supplementation is 
practised, it may form up to 400 kg/t of poultry diets and 250 kg/t of pig diets. 

Soya bean meal contains about 1 g/kg of genistein, which has oestrogenic proper- 
ties and a potency of 4.44 x 10 Š times that of diethylstilboestrol. The effect of this 
constituent on growth rate has not been elucidated. 

The oil in the soya bean has a laxative effect and may cause soft body fat to be 
produced. The extracted meal does not contain sufficient oil to cause this problem, 
but it should be borne in mind in view of the increasing tendency to use full-fat soya 
bean products in dietary formulations, especially for pigs. The full-fat products are 
produced by batch pressure cooking or extrusion of the whole bean. The extruded 
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product has a higher metabolisable energy content, but this advantage is nullified if 
the products are ground and pelleted. 

Soya protein concentrates are produced by solvent extraction and removal of 
insoluble carbohydrate. Protein concentration is of the order of 70 per cent. During 
processing, antigenic and antinutritional substances are removed and the materials 
are suitable for inclusion in calf milk replacers and baby pig diets. 


Cotton seed meal 


The protein of cotton seed meal is of good quality but has the common disadvantage 
of oilseed proteins of having a low content of cystine, methionine and lysine, lysine 
being the first limiting amino acid. The calcium content is low and, since the calcium 
to phosphorus ratio is about 1:6, deficiencies of calcium may easily arise. It is a good 
though variable source of thiamin but a poor source of carotene. 

When cotton seed meal is used as a protein source for young, pregnant or nursing 
pigs, or young or laying poultry, it needs to be supplemented with fishmeal to make 
good a shortage of essential amino acids and calcium. A supplement of vitamins A 
and D should also be provided. Pigs and poultry do not readily accept the meal, 
mainly because of its dry, dusty nature. No such difficulty is encountered with lactat- 
ing cows, although complications may arise when large amounts are given, since the 
milk fat tends to become hard and firm. Butter made from such fat is often difficult 
to churn and tends to develop tallowy taints. Another factor to be considered when 
using cotton seed meal is its costive action. This is not normally a problem and may 
indeed be beneficial in diets containing large amounts of laxative constituents. 

Cotton seeds may contain from 0.3 g/kg to 20 g/kg DM of a yellow pigment 
known as gossypol, and concentrations of 4-17 g/kg DM have been quoted for the 
kernels. Gossypol is a polyphenolic aldehyde (alkanal), which is an antioxidant and 
polymerisation inhibitor toxic to simple-stomached animals. The general symptoms 
of gossypol toxicity are depressed appetite, loss of weight, laboured breathing and 
cardiac irregularity. Death is usually associated with a reduced oxygen-carrying ca- 
pacity of the blood, haemolytic effects on the erythrocytes and circulatory failure. 
Post-mortem examinations usually show extensive oedema in the body cavities, in- 
dicating an effect on membrane permeability. Although acute toxicity is uncommon, 
ingestion of small amounts over a prolonged period can be lethal. In the past it has 
been considered important to distinguish between free (soluble in 70-30 v/v aque- 
ous acetone) and bound gossypol, since only the former was considered to be phys- 
iologically active. It is now considered that some of the bound material is active, but 
this does not negate the general thesis that it is the free gossypol content that deter- 
mines the toxic potency of the material. The free gossypol content of cotton seed 
meal decreases during processing and varies according to the methods used. Screw- 
pressed materials have 200-500 mg free gossypol/kg, prepressed solvent-extracted 
meals 200-700 mg/kg and solvent-extracted 1000-5000 mg/kg. Processing condi- 
tions have to be carefully controlled to prevent loss of protein quality owing to the 
binding of gossypol to lysine at high temperatures. Fortunately, the shearing effect of 
the screw press in the expeller process is an efficient gossypol inactivator at temper- 
atures that do not reduce protein quality. 

It is generally considered that pig and poultry diets should not contain more than 
100 mg free gossypol/kg and that inclusions of cotton seed meal should be in the 
range 50-100 kg/t. Particular care is required with laying hens, since comparatively 
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low levels of the meal may cause an olive-green discoloration of the yolk in storage. 
An associated pink discoloration of the albumen is now considered to be due to 
cyclopropenoids and not gossypol, as was once thought. Treatment with ferrous sul- 
phate can ameliorate the effects of gossypol, with doses ranging from 1 to 4 parts 
ferrous sulphate to 1 part gossypol. Ruminant animals do not show ill effects, even 
when they consume large quantities of cotton seed meal. 

In the UK, the free gossypol content of foods is strictly controlled by law. Straight 
foods, except cotton cake and meal, must not contain more than 20 mg/kg; the same 
limit applies to complete foods for laying hens and piglets. For poultry and calves, 
the limit is 100 mg/kg, for pigs 60 mg/kg and for cattle, sheep and goats 500 mg/kg. 
Cotton cakes and meals are allowed to contain up to 1200 mg free gossypol/kg. The 
concentrations refer to foods with a moisture content of 120 g/kg. 


Coconut meal 


The oil content of coconut meal varies from 25 g/kg to 65 g/kg, meals of higher oil 
content being very useful in the preparation of high-energy diets. However, they suf- 
fer the disadvantage of being susceptible to becoming rancid in store. The protein is 
low in lysine and histidine, and this, together with the generally high fibre content of 
about 120 g/kg, limits the use of the meal for simple-stomached animals. It is usually 
recommended that it should form less than 25 kg/t of pig diets and less than 50 kg/t 
of poultry diets. When low-fibre coconut meals are available for simple-stomached 
animals, they have to be supplemented with animal proteins to make good their 
amino acid deficiences. Neither protein quality nor fibre content is limiting for rumi- 
nant animals, and coconut meal provides an acceptable and very useful protein sup- 
plement. In diets for dairy cows it is claimed to increase milk fat content. Some 
published work has shown increased butterfat contents in the milk of cows given 
supplements of coconut meal, but the basal diet had a fat content of about 10 g/kg 
only. The milk fats produced on diets containing considerable amounts of coconut 
meal are firm and excellent for butter making. 

Coconut meal has the valuable property of absorbing up to half its own weight of 
molasses and as a result is popular in compounding. 


Palm kernel meal 


Palm kernel meal generally refers to the product obtained after solvent extraction of 
palm oil from the oil palm, whereas palm kernel cake is produced by mechanical ex- 
traction. In practice, the term ‘palm kernel meal’ is often used to describe either 
product. This food has a comparatively low content of protein, and the balance of 
amino acids is poor. The first limiting amino acid is lysine. The ratio of calcium to 
phosphorus is more favourable than in many other oilseed residues. The meal is dry 
and gritty, especially the solvent-extracted product, and is not readily eaten; it is 
therefore used in mixtures with more acceptable foods. Attempts to use it mixed 
with molasses, as molassed palm kernel cake, have not been successful. It has a rep- 
utation for increasing the fat content of milk, and its chief use is for dairy cows. Palm 
kernel meal has been described as being balanced for milk production, but in fact it 
contains too high a proportion of protein to energy. 

Palm kernel meal has traditionally not been used widely in pig and poultry diets. 
This is partly because it is unpalatable and partly because of its high fibre content 
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(150 g/kg DM), which reduces its digestibility for such animals. The highest level of 
palm kernel meal recommended in the diet of simple-stomached animals is about 
50 kg/t. More recent studies have demonstrated acceptable performance in chicks, 
with inclusion rates of up to 400 kg/t, provided the diets are balanced for amino 
acids and metabolisable energy. Additionally, the relatively high content of B-man- 
nan in palm kernel meal has been suggested to act as a prebiotic and reduce intes- 
tinal load of Salmonella and improve the immune system in birds. In dairy cows, 
palm kernel meal has been included at up to 150 g/kg DM without an adverse effect 
on milk yield or composition. 


Linseed meal 


Linseed meal is unique among the oilseed residues in that it contains 30-100 g/kg 
of mucilage. This is almost completely indigestible by non-ruminant animals but can 
be broken down by the microbial population of the rumen. It is readily dispersible in 
water, forming a viscous slime. Immature linseed contains a small amount of a 
cyanogenetic glycoside, linamarin, and an associated enzyme, linase, which is capa- 
ble of hydrolysing it with the evolution of hydrogen cyanide; this is extremely toxic. 
Death results from combination of the cyanide with cytochrome oxidase, leading to 
an immediate cessation of cellular respiration and anoxia. Low-temperature removal 
of oil may produce a meal in which unchanged linamarin and linase persist; such 
meals have proven toxic when given as a gruel, since cyanide production begins as 
soon as the water is added. The meals are safe if given in the dry state, since the pH 
of the stomach contents of the pig is sufficiently low to inactivate linase. Normal pro- 
cessing conditions destroy linase, and most of the linamarin and the resultant meals 
are quite safe. In ruminant animals the hydrogen cyanide formed by linase action is 
absorbed into the blood very slowly and this, coupled with its rapid detoxification in 
the liver and excretion via the kidney and lungs, ensures that it never reaches toxic lev- 
els in the blood. In the UK, linseed cake and meal must, by law, contain less than 
350 mg of hydrocyanic acid per kilogram of food with a moisture content of 120 g/kg. 

It has been reported that linseed meal has a protective action against selenium 
poisoning. The protein of linseed meal is of poorer quality than those of soya bean or 
cotton seed meals, having lower methionine and lysine contents. Linseed meal has 
only a moderate calcium content but is rich in phosphorus, part of which is present 
as phytate. It is a useful source of thiamin, riboflavin, nicotinamide, pantothenic acid 
and choline. 

Linseed meal has a very good reputation as a food for ruminant animals, which 
is not easy to justify on the basis of its proximate analysis. Part of the reputation 
may be the result of the ability of the mucilage to absorb large amounts of water, 
resulting in an increase in the bulk of the meal; this may increase retention time in 
the rumen and give a better opportunity for microbial digestion. The lubricating 
character of the mucilage also protects the gut wall against mechanical damage and, 
together with the bulkiness, regulates excretion and is claimed to prevent constipa- 
tion without causing looseness. Linseed meal given to fattening animals results in 
faster gains than other vegetable protein supplements making the same protein con- 
tribution; cattle attain a very good sleek appearance, though the body fat may be 
soft. The meal is readily eaten by dairy cows but tends to produce a soft milk fat that 
is susceptible to the development of oxidative rancidity. Both of these observations 
relate to residual levels of o-linolenic acid in the meal. 
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Linseed meal is an excellent protein food for pigs as long as it is given with an 
animal protein supplement to make good its deficiencies of methionine, lysine and 
calcium. This is particularly important with diets containing large amounts of maize. 

Linseed meal is not a satisfactory food for inclusion in poultry diets. Retardation 
of chick growth has been reported on diets containing 50 kg/t of linseed meal and 
deaths in turkey poults with 100 kg/t of diet. These adverse effects can be avoided 
by autoclaving the meal or by increasing the levels of vitamin Bç in the diet; the 
untreated meal is thought to contain an unidentified antipyridoxine factor. Some 
workers consider the adverse effects of the meal to be due to the mucilage, since this 
collects as a gummy mass on the beak, causing necrosis and malformation and 
reducing the bird’s ability to eat. Pelleting or coarse granulation can overcome this 
trouble. If linseed meal has to be included in poultry diets, then the levels should not 
exceed 30 kg/t. 


Rapeseed meal 


The 2006 world production of rapeseed was estimated at about 47 million tonnes, up 
considerably from the 11.5 million tonnes produced in 1981. The largest rapeseed- 
producing country in 2006 was China, at 12 million tonnes, compared with approx- 
imately 2 million tonnes harvested in the UK. Usage of rapeseed meal in the animal 
feed industry in Britain has increased from 0.57 million tonnes in 1996 to 0.77 mil- 
lion tonnes in 2008. Extraction of the oil by a prepress solvent extraction procedure 
leaves a residue containing about 400 g protein/kg DM. It contains more fibre (140 
g/kg DM) than soya bean meal; its metabolisable energy value is lower, about 7.4 
MJ/kg DM for poultry and 12.0 MJ/kg DM for ruminants, and it has a digestible en- 
ergy content of 11.8 and 12.3 for pigs and horses, respectively. Both protein content 
and digestibility are lower than for soya bean meal, but the balance of essential 
amino acids compares favourably, the rapeseed meal having less lysine but more me- 
thionine. The balance of calcium and phosphorus is satisfactory and it contains a 
higher phosphorus content than other oilseed residues. 

In the past, the use of rapeseed meals produced from rape (Brassica napus) grown 
in Europe was restricted, particularly for pigs and poultry, by the presence of glucosi- 
nolates (thioglucosides) accompanied by a thioglucosidase known as myrosinase. 
Under a variety of conditions, these may give rise to isothiocyanates, organic thio- 
cyanates, nitriles and 5-vinyloxazolidine-2-thione (goitrin). They exhibit a variety of 
toxic effects manifested as goitres, and liver and kidney poisoning. Their presence is 
not serious for ruminant animals, although there is some evidence of reduced intake, 
minor liver damage and reduced volatile fatty acid production when the toxins have 
been administered orally. With pigs, meals with high glucosinolate levels may reduce 
food intake, growth and carcass quality. Piglets have shown poor survival rates and 
enlarged thyroids when maternal diets included high levels of glucosinolates. 

Rapeseeds contain erucic acid, which has been known to cause heart lesions in 
experimental animals, but it is unlikely to be a problem for farm animals since it 
partitions with the oil during extraction. 

A certain measure of control of the goitrogenic activity of meals is achieved by 
manipulating the pretreatment of the seed before extraction so as to ensure the 
earliest possible destruction of myrosinase. Such control is only partial, since bac- 
terial thioglucosidases produced in the gut may hydrolyse residual glucosinolate in 
the meal. 
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Glucosinolates are no longer a problem when rapeseed meals are consumed as 
the meals are now produced from varieties that have greatly reduced contents of 
glucosinolates and erucic acid (often referred to as ‘double-zero varieties’). The po- 
tential for using low-glucosinolate meals in pig and poultry diets is considerable, but 
account must be taken of the need for amino acid supplementation, especially with 
lysine, when high levels of inclusion are practised. It must be borne in mind that 
antinutritional factors are still present, even if at reduced levels, in the low- 
glucosinolate meals. This is of particular importance with the early-weaned pig, 
where reduction in intake may be significant, and with breeding animals, owing to 
the possible effects on the foetus. Rapeseed meal is often referred to in North Amer- 
ica as Canola (a trademarked brand name). This was a variety of rapeseed developed 
in the early 1970s by Canadian plant breeders to remove the antinutritional compo- 
nents (erucic acid and glucosinolates) from rapeseed. 

Rapeseed meals frequently contain tannins. These are polyphenolic compounds 
that complex with proteins and carbohydrates to form enzyme-resistant substrates 
with a consequent lowering of digestibility. This may also result from the combina- 
tion of the tannins with digestive enzymes, with a consequent loss of activity. 
Tannins may cause damage to the intestinal mucosa and are known to interfere with 
iron absorption. 

Evidence on permissible levels of inclusion of rapeseed meals in the diet is con- 
flicting; some acceptable values for different animals are given in Box 23.1. 

The highly variable responses to dietary inclusions of rapeseed meals require that, 
in practice, such figures are applied with caution. Some authorities, for example, 
consider that rapeseed meals should not be used in starter or sow diets and that lev- 
els in grower and finisher diets should not exceed 50 kg/t and 100 kg/t, respectively. 

Chick growth may be adversely affected if inclusion rates exceed 50 kg/t. The eggs 
of some hens producing brown-shelled eggs are susceptible to the development of 
fishy taints when rapeseed meals are included in the diet. This is because of the 
inability of these birds to oxidise trimethylamine produced from the polyphenolic 
choline ester sinapine. 

For ruminant animals, rapeseed meal may be used as the sole source of dietary 
protein. 

In the UK, whole foods must, by law, contain less than 1000 mg 5-vinyloxazolidine 
thione per kilogram, except those for laying hens, which must contain less than 
500 mg/kg. Levels of isothiocyanates in whole foods are strictly prescribed, and rape 


BOX 23.1 Best estimates of permissible levels of inclusion of rapeseed meal in pig 
diets (kg/t) 


High-glucosinolate rapeseed meal Low-glucosinolate rapeseed meal 


UK Canada 
Starting pigs (7-15 kg W) 50 80 
Growing pigs (15-45 kg W) 120 
Finishing pigs (>45 kg W) 150 
Gilts 120 
Sows 120 
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cakes and meals must contain less than 4000 mg allylthiocyanate per kilogram 
referred to a moisture content of 120 kg/t. 


Groundnut meal 


The seeds of the groundnut are borne in pods, usually in pairs or threes. The seeds 
contain 250-300 g/kg of crude protein and 350-600 g/kg of lipid material. The pod 
or husk is largely fibrous. Groundnut meal is now usually made from the kernels, 
and only occasionally is the whole pod used as the source of an undecorticated 
meal. The most common method of extraction is screw pressing, giving a meal with 
50-100 g/kg of oil. Lower oil levels can be achieved only by solvent extraction, but 
this has to be preceded by screw pressing to reduce the initially high oil content. The 
composition of the meal will depend on the raw material and the method of extrac- 
tion used. 

The protein of groundnut meal has suboptimal amounts of cystine and methio- 
nine, although the first limiting amino acid is lysine. When the meal is used in high- 
cereal diets, adequate supplementation with animal protein is necessary. This also 
ensures that the deficiencies of vitamin B12 and calcium are made good. Such sup- 
plementation is particularly important for young fast-growing animals such as pigs 
and poultry. The palatability of the meal for pigs is high, but it should not form 
more than 25 per cent of the diet, as it tends to produce a soft body fat and may 
have a troublesome laxative action. This also limits its use for lactating cows, for 
whom it otherwise forms an excellent and acceptable protein source. It has been 
reported that both a growth factor and an antitrypsin factor occur in groundnut 
meal. The latter has antiplasmin activity and so shortens bleeding time; it is 
destroyed by heating. 

In 1961, reports appeared that implicated certain batches of groundnut meal 
in the poisoning of turkey poults and ducklings. The toxic factor was shown to be 
a metabolite of the fungus Aspergillus flavus and was named aflatoxin. This is now 
known to be a mixture of four compounds designated aflatoxins B1, G1, B2 and Gp, 
of which B4 is the most toxic. There are considerable species differences in the sus- 
ceptibility to these toxins: turkey poults and ducklings are highly susceptible, and 
calves and pigs are susceptible, but mice and sheep are classed as resistant. Young 
animals are more susceptible than adults of the same species. A common feature in 
affected animals is liver damage with marked bile duct proliferation, liver necrosis 
and, in many cases, hepatic tumours. In fact, aflatoxin has been shown to be a potent 
liver toxin and a very active carcinogen. 

There are several reports of deaths in calves under 6 months of age when fed 
on contaminated groundnut meal. Older cattle are more resistant, but cases of deaths 
in store cattle, and loss of appetite and reduced milk yield in cows, have been 
reported. Deaths have occurred in 6-month-old steers given 1 mg/kg of aflatoxin B1 
in their diet for a period of 133 days, and liveweight gains were generally signifi- 
cantly reduced. Administration of 0.2 mg/kg of aflatoxin B4 in the diets of Ayrshire 
calves significantly reduced liveweight gains. Experiments on the inclusion of 
150-200 kg/t of toxic groundnut in dairy cow diets have shown significant falls in 
milk yield. A metabolite of aflatoxin known as aflatoxin M1, which causes liver dam- 
age in ducklings, has been shown to be present in the milk of cows fed on toxic 
meals. The effect of aflatoxin on human beings has not been clearly established. 
There have been no reports of clinical poisoning in sheep. 
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BOX 23.2 UK prescribed limits for aflatoxins in foods for animals (mg aflatoxin B,/kg 
referred to a moisture content of 120 g/kg) 


Straight feeding stuffs 0.05 

Except groundnut, copra, palm kernel, cotton seed, babasu, maize and 

products derived from the processing thereof 0.02 

Complete feeding stuffs for cattle, sheep and goats (except dairy animals, 

calves, lambs and kids) 0.05 
Complete feeding stuffs for pigs and poultry (except piglets and chicks) 0.02 
Other complete feeding stuffs 0.01 
Complementary feeding stuffs for cattle, sheep and goats (except 

complementary feeding stuffs for dairy animals, calves and lambs) 0.05 
Complementary feeding stuffs for pigs and poultry (except young animals) 0.03 
Other complementary feeding stuffs 0.005 


Aflatoxins are relatively stable to heat, and methods of eliminating them from 
meals are elaborate. The best method of control is suitable storage to prevent mould 
growth, although aflatoxins may be produced in the growing crop. In the UK, 
prescribed maximum limits for aflatoxins in foods for animals are laid down by law 
(see Box 23.2). 

The stringency of these standards, together with the difficulty of ensuring that 
groundnut products comply with them, has been a major factor contributing to the 
decline in the usage of groundnut products in the UK compounding industry, where 
they now occupy a minor position. 


Sunflower seed meal 


The meal is produced when the oil is removed from the seed by hydraulic pressure 
or solvent extraction. The hulls are usually partially rather than completely removed, 
but the resulting high-fibre meals (up to 420 g NDF/kg DM) are readily accepted by 
older animals, provided they are finely ground. Removing the hulls from the meal 
produces a more digestible product with a higher crude protein content and is often 
referred to as HiPro sunflower meal. 

Solvent-extracted meals contain, on average, about 220 g crude fibre and 430 g 
crude protein per kilogram of dry matter and have metabolisable energy contents 
of 8.1 MJ/kg DM, 10.4 MJ/kg DM and 11.2 MJ/kg DM for poultry, cattle and sheep, 
respectively. For pigs and horses, a digestible energy content of 10.6 MJ/kg DM and 
10.1 MJ/kg DM respectively would be appropriate. Expeller meals have higher fat, 
lower crude fibre and crude protein contents and metabolisable energy values of 
about 13 MJ/kg DM for cattle. Sunflower oil has a high content of polyunsaturated 
fatty acids and may cause soft body fat in pigs, particularly when expeller meals are 
given. The oil is very susceptible to oxidation, and the meals have a short shelf life 
owing to the development of rancidity, which renders them unpalatable. The meals 
are useful sources of protein, which is low in lysine, the main limiting amino acid, 
but has about twice as much methionine as soya protein. 
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Oilseed residues of minor importance 


Maximum rates of inclusion in diets are 200 kg/t for adult cattle, 150 kg/t for 
adult sheep, 25 kg/t for growing pigs, 50 kg/t for finishing pigs and 100 kg/t for sows. 
They are not recommended for calves, lambs or young pigs. For adult poultry, sun- 
flower meals may be included at 100 kg/t of the diet, but they are not recommended 
for young birds. 


Sesame seed meal 


The meals currently available may be produced by hydraulic pressing or solvent 
extraction. The former have the lower protein content (about 400 g/kg DM com- 
pared with 500 g/kg DM for the solvent-extracted material) but have oil contents of 
more than 100 g/kg DM compared with 20 g/kg DM for the extracted meal and 
make a significantly greater contribution to the energy of the diet. 

The protein is rich in leucine, arginine and methionine but is relatively low in 
lysine. The meal therefore needs to be combined with foods rich in lysine when given 
to pigs and poultry. For ruminants, the protein has a degradability of 0.65-0.75, 
depending upon the rate of passage through the rumen. 

The residual oil of the cake or meal is highly unsaturated and may result in soft 
body and milk fat if consumed in excessive amounts and may also impart a disagree- 
able flavour to milk. The oil rapidly becomes rancid and unpalatable, and meals con- 
taining it have been implicated in cases of vitamin E deficiency. The meal has a high 
content of phytic acid, which makes much of its phosphorus unavailable; rations 
containing the meal may also need extra supplementation with calcium. 

The hulls of sesame seeds contain oxalates, and it is essential that meals should be 
completely decorticated in order to avoid toxicity. 

Meals in good condition are palatable but have a laxative action. The diets of 
young ruminants should not contain more than 50 kg/t, whereas the maximum in- 
clusion rate for adults is 100-150 kg/t. The meal should not be given to young pigs 
or poultry, but it may be included at up to 50 kg/t for adults of these species. 


OILSEED RESIDUES OF MINOR IMPORTANCE 


A number of less well-known meals are available in relatively small amounts. 
These are usually of poor feeding value and low palatability and frequently con- 
tain toxic material. Their use is thus limited to certain classes of animal at low rates 
of inclusion. 


Extracted cocoa bean meal 


The meals contain varying concentrations of theobromine, an alkaloid that is lethal 
to chickens and toxic to other monogastric animals and young ruminants. The mate- 
rials are therefore suitable only for adult ruminants. They have a protein content of 
about 150 g/kg DM, with an apparent digestibility for cattle of about 0.40. Quoted 
metabolisable energy values range from 5.3 MJ/kg DM for cattle to 9.0 MJ/kg DM 
for sheep. The suggested maximum dietary inclusion rate for adult ruminants is 
30 kg/t of the total ration. Owing to the risk of a positive drug test, cocoa products 
should not be given to racing horses. 
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Sheanut meal 


There is an increased interest in sheanut meal due to a greater demand for shea fat in 
cosmetics and as a cocoa butter substitute in chocolate. The meals are very variable 
in their nutritive value, with a mean protein content of about 150 g/kg DM, but this 
can range from 80 g/kg DM to 250 g/kg DM. Their protein digestibility (cattle) is 
very low, at about 0.12.The energy value for adult ruminants is usually considered to 
be about half that of barley. They contain an alkaloid, saponine, which causes injury 
to the digestive mucosa and haemolytic changes in the blood. It is particularly toxic 
to pigs but can be tolerated by adult ruminants. The meals are bitter to the taste and 
of low palatability and can contain substantial quantities of tannins and theo- 
bromine (3,7-dimethylxanthine), a purine derived alkaloid that can be toxic. 
Sheanut meal may be included at a maximum inclusion rate of 100 kg/t in the total 
ration of adult beef cattle and 50 kg/t for other adult ruminants. The product should 
carry a guarantee of saponine content if its use is to be considered. Soaking with 
water and fermentation of the meal before feeding has been shown to reduce the 
negative effects of some of the antinutritional factors. Even relatively low inclusion 
rates (25 g/kg) in poultry diets can, however, decrease performance. 


LEGUMINOUS SEEDS 


The Leguminosae are a large family of plants, with about 12 000 recognised species. 
Four tribes within the family are of particular importance, since they include all the 
common peas and beans. The Hedysareae contain the groundnut; the Vicieae include 
the genera Vicia, Cicer, Pisum, Lens and Lathyrus; the Genisteae contain the genus 
Lupinus; and the Phaseoleae include the genera Phaseolus, Dolichos and Glycine. 

The combined usage of peas and beans by British compounders decreased from 
174 500 tonnes in 1999 to 118 500 tonnes in 2005 and 68 500 tonnes in 2008, with 
beans forming about 60 per cent of the total. 

Many leguminous plants are toxic to animals. Consumption of certain species 
within the genus Lathyrus, such as the Indian pea (L. sativus), may result in the con- 
dition known as lathyrism. This may take the form of osteolathyrism (caused by the 
presence in the seed of B-L-glutamylaminopropionitrile) or neurolathyrism (the form 
affecting human beings and of which B-N-oxalyl-L-a,f-diaminopropionic acid is 
thought to be the causative agent). The former is characterised by bone deformations 
and weakness in connective tissue. The latter is characterised by retardation of sexual 
development and increasing paralysis, which may prove fatal if the larynx is affected. 

Vicia faba (broad bean) may cause the condition in man known as favism. This is 
characterised by haemolytic anaemia, and affected individuals have nausea, short- 
ness of breath, abdominal pain, fevers and sometimes renal failure. The disease 
occurs in individuals with a genetic deficiency of glucose-6-phosphate dehydroge- 
nase in their erythrocytes. It has been suggested that the causative agents are 
divicine and isouramil, pyrimidine derivatives present in the seed. 

Phaseolus lunatus beans (lima bean, Java bean) contain the cyanogenetic gluco- 
side phaseolunatin, which is extremely toxic when hydrolysed. The glucoside is present, 
but only in small quantities, in cultivated varieties of P. lunatus such as the butter 
bean. A number of species, including Cicer ensiformis, Dolichus biflorus, D. lablab, 
P. lunatus, P. vulgaris and P. communis, are known to contain lectins, which are toxic 


Leguminous seeds 


upon oral ingestion. Unfamiliar leguminous seeds should be treated with caution 
until they have been proved to be safe. 


Beans 


Beans belong mainly to the Vicieae and Phaseoleae and are used as food for human 
beings and animals all over the world. The chief member of the Vicieae is Vicia faba, 
known as the broad bean, horse bean, tick bean and field bean. The most numerous 
genus in the Phaseoleae is Phaseolus, and the best-known species is P. vulgaris, with 
a number of varieties known as French, dwarf and navy beans. There are a large 
number of other Phaseolus species that are locally important as sources of food, 
such as butter beans (P. lunatus) and runner beans (P coccineus), as are several other 
genera, such as Vigna, Dolichus and Canavalia. Nutritionally, the species are very 
similar, being good sources of protein with a high lysine content; they are good 
sources of energy and phosphorus but have low contents of calcium. Beans have 
little or no carotene or vitamin C, but they may contain significant amounts of 
thiamin, nicotinamide and riboflavin. 

There are a large number of varieties of field bean, which fall into two classes: 
winter and spring. The winter varieties outyield the spring varieties, the yield levels 
in the UK being about 3.8 and 3.4 tonnes/hectare, respectively. Spring varieties usu- 
ally have a higher protein content than winter varieties, about 270 g/kg DM com- 
pared with 230 g/kg DM, and a lower fibre content, about 69 g/kg DM compared 
with 78 g/kg DM. These fibre levels are higher than in the common cereals, except 
for oats. The ether extract concentration in both winter and spring beans is low, 
about 13 g/kg DM, but it has a high proportion of linoleic and a-linolenic acids. The 
mineral composition of beans is similar to that of the cereals and the oilseed 
residues, with high phosphorus and low calcium concentrations. They contain little 
or no sodium or chlorine and are poor sources of manganese. 

Beans are regarded primarily as sources of protein of relatively good quality. This 
is a reflection of the amino acid composition characterised by a high lysine content 
similar to that of fishmeal protein; levels of cystine and methionine are lower than in 
common animal and vegetable proteins. 

As well as being a good source of protein, beans make a significant contribution 
to the energy economy of the animal, having a metabolisable energy content of 
13.5 MJ/kg DM for ruminants and 12.0 MJ/kg DM for poultry and a digestible energy 
content of 13.3 MJ/kg DM for pigs. 

Beans are used in the diets of all the major classes of farm animal. Levels in the 
diets of calves up to 3 months of age are usually of the order of 150 kg/t but can be 
increased considerably thereafter. Mixtures containing 400 kg/t have been used 
quite satisfactorily for intensively fed steers. The beans are usually cracked, kibbled 
or coarsely ground for feeding, but it would appear that whole beans are quite satis- 
factory for older ruminants, which rapidly adapt to chewing them. Dairy cow con- 
centrates may contain 150-200 kg/t of beans, and recent work has shown that levels 
of up to 350 kg/t may be used with no loss of milk yield. 

For pigs, beans are usually ground to pass a 3 mm screen and are used in sow, 
weaner and fattening diets; it is not usual to include them in creep feeds. Although there 
is no objective evidence in its support, the view is widely held that newly harvested 
beans should be allowed to mature for several weeks before being given to pigs. The 
usual rate of inclusion of beans is 50-150 kg/t and should not exceed 200 kg/t. 
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Cystine and methionine are important in the diets of poultry owing to the de- 
mands of feathering, and beans may be expected to be of limited value for poultry. 
Traditionally, they have been little used in poultry diets, but evidence indicates that 
field beans can be used to replace soya bean meal as long as adequate methionine 
supplementation is practised. 

Many species of beans, including the field bean, have been shown to contain 
antitryptic factors. In beans grown in the UK, the latter have not been shown to have 
any significant effect on performance. 


Peas 


The peas grown as a source of protein for animals in the UK (Pisum sativum) belong 
to the Vicieae. Other species, such as the chick pea (Cicer arietinum) in India, are im- 
portant locally. Peas are basically similar to beans but have lower contents of crude 
protein (260 g/kg DM) and crude fibre (<60 g/kg DM). The oil content is slightly 
higher than that of beans, but the degree of saturation is similar. Like beans, peas are 
regarded primarily as a source of protein. That of peas has the better balance of 
amino acids, having higher contents of lysine, methionine and cystine. However, 
methionine is still the main limiting amino acid. Peas make a significant contribution 
to the energy intake of the animal, having a metabolisable energy content of 
13.4 MJ/kg DM for ruminants and 12.7 MJ/kg DM for poultry, and a digestible 
energy content of 15.0 MJ/kg DM for pigs. 

The maximum rate of inclusion of peas in ruminant diets may be as high as 400 kg/t, 
but problems of mixing and cubing limit their inclusion in pelleted foods to a maximum 
of 200 kg/t. They are particularly useful in that they are able to replace soya bean meal 
in pig and poultry diets, whereas beans are largely confined to ruminant diets. 


Lupin seed meal 


Lupin seed meal is made by grinding the whole seeds. It is a useful European-grown 
source of protein. There are three species of lupin, distinguished by the colour of the 
flowers. Those of Lupinus albus are white, those of L. angustifolius blue and those of 
L. luteus yellow. Within species, there are sweet and bitter varieties. The latter con- 
tain 10-20 g/kg of toxic alkaloids such as lupinin and angustifolin and should not be 
given to animals; even sweet varieties may contain low levels of alkaloids. For safety, 
the alkaloid content must be less than 0.6 g/kg. 

The seed coat is fibrous, and its inclusion in the meal adversely affects its di- 
gestibility, especially for young monogastric animals. White varieties have the lowest 
fibre and highest oil and protein contents, and meals made from them are more valu- 
able for pigs and poultry than are the blue and yellow varieties. A typical meal will 
have a metabolisable energy content of 11.5 MJ/kg DM for poultry and 13.2 MJ/kg DM 
for ruminants, and a digestible energy content for pigs of 17.3 MJ/kg DM.The amino 
acid pattern is not well balanced, and diets containing significant quantities of the 
meal may require supplementation with methionine, which is the first limiting 
amino acid. 

Maximum levels of inclusion are 150 kg/t for ruminant diets, 100 kg/t for adult 
poultry and pigs, and 50 kg/t for growing pigs and broilers. 

Because of rapid oxidation of the oil, the meal has to be used immediately or an 
antioxidant must be incorporated. 
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ANIMAL PROTEIN CONCENTRATES 


These materials are given to animals in much smaller amounts than the foods so far 
discussed, because they are not used primarily as sources of protein per se but are 
used to make good deficiencies of certain essential amino acids from which non-ru- 
minants may suffer when they are fed on all-vegetable-protein diets. In addition, 
they often make a significant contribution to the animal’s mineral nutrition and sup- 
ply various vitamins of the B complex. A further reason why these products are 
given in limited quantities to farm animals is that they are expensive, which makes 
their large-scale use uneconomic. Total usage of animal substances in the compound 
industry in the UK in 1992 was 409 000 tonnes, but this had fallen to 177 700 tonnes 
in 1999 and 117 800 tonnes in 2008. In 1992, over half was meat and bone meal, 
the rest being fishmeal with minor contributions from other sources such as blood 
meal and feather meal. 

Production of animal protein foods in the UK is controlled by the Processed Ani- 
mal Protein Order 1989.This states that producers must be registered and lays down 
procedures for the sampling and testing of foods for Salmonella bacteria. Samples 
must be taken on each day that a consignment leaves the premises, and then submit- 
ted for testing. When food produced on the premises is incorporated in a feeding 
stuff for livestock or poultry kept on those premises, then on each day immediately 
before any supplies of any such processed animal protein are incorporated in such 
feeding stuff, a sample must be taken and submitted for testing. The Order also lays 
down procedures in the event of a sample failing a test. 

Although Salmonella infection from meat and bone meal continues to be a mat- 
ter of concern, the greater concern at the time of writing is that of infection of 
animal (and human) consumers with forms of spongiform encephalopathy. Under 
current UK legislation (the Bovine Spongiform Encephalopathy (No. 2) Order 1996 
(SI 1996 No. 3163)), mammalian meat and bone meal cannot be given to ruminant 
or non-ruminant animals; mammalian protein other than meat and bone meal may 
be given to non-ruminant animals but not to ruminant animals. 

A European Council decision of 4 December 2000, which remains in force but 
under review, defined ‘processed animal proteins’ as meat and bone meal, meat 
meal, bone meal, blood meal, dried plasma and other blood products, hydrolysed 
proteins, hoof meal, horn meal, poultry offal meal, dry greaves, fishmeal, dicalcium 
phosphate and gelatin. It directs that member states shall prohibit the use of 
processed animal proteins as food for farmed animals that are kept, fattened or bred 
for the production of food for human beings. Fishmeal may be given to non-ruminants, 
and the prohibition does not apply to milk and milk products. 


Meat by-products 


Although animal foods based on mammalian meat are prohibited from being used as 
food for farmed animals in the UK and Europe, there are areas where this may be 
allowed. For this reason, we have decided to include a few general comments on the 
nutritive value of such products. It may also be that, at some future date, current pro- 
hibitions on their use in Europe may be lifted. 

The protein of meat by-products is of good quality (BV approximately 0.67 for 
adult man) and is particularly useful as a lysine supplement. Unfortunately, it is a 
poor source of methionine and tryptophan. Various unidentified beneficial factors 
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have been claimed to be present in meat meals, among them the enteric growth 
factor from the intestinal tract of swine, the Ackerman factor and a growth factor 
located in the ash. 

Meat products are more valuable for simple-stomached than for ruminant animals 
since the latter have less need of a dietary supply of high-quality protein. The low 
methionine and tryptophan levels of the meals reduce their value, since they cannot 
adequately make good the deticiencies of these amino acids in the high-cereal diets 
of pigs and poultry. This is especially so when high proportions of maize are given, 
maize being particularly low in tryptophan. Usually meat meal is given in conjunc- 
tion with another animal or vegetable protein to complement its low content of me- 
thionine and tryptophan. Both meat meal and meat and bone meal are eaten readily 
by pigs and poultry and may be given at levels of up to 150 kg/t of the diet for lay- 
ing hens and young pigs; for fattening pigs, the level is usually kept below 100 kg/t. 
As well as being less beneficial for ruminants than for simple-stomached animals, 
these products are not readily accepted by ruminants and must be introduced into 
their diets gradually. Considerable care is required in storing meat products to 
prevent the development of rancidity and loss of vitamin potency. 


Fishmeal 


The use of fishmeal by the British animal feed industry decreased from 193 000 tonnes 
in 1996 to 118 000 tonnes in 2008. Fishmeal is produced by cooking fish and then 
pressing the cooked mass to remove most of the oil and water. The aqueous liquor is 
concentrated and added to the pressed mass and the whole dried. In the UK, fish- 
meal is legally defined as ‘the product obtained by processing whole or parts of fish 
from which part of the oil may have been removed and to which fish solubles may 
have been re-added’. Fish solubles are ‘the product obtained during the manufacture 
of fishmeal which has been separated and stabilized by acidification or drying’ 
(Feeding Stuffs Regulations 2005). About 90 per cent of the raw material used in 
fishmeal production consists of oily species such as anchovies, capelin and men- 
haden, the remaining 10 per cent consisting of fish (plus some of the offal) of species 
such as haddock and cod. 

Nutritionally, the drying process is very important, since overdrying may signifi- 
cantly reduce the quality of the product. There are two main types of dryer: direct 
and indirect. In the former, hot air (at about 500°C) is passed over the material as it 
is tumbled in a cylindrical drum. The temperature of the material should remain in 
the range 80-95 °C, but it may be much higher if the process is not carefully con- 
trolled. In the indirect method, the dryers are steam-jacketed cylinders or cylinders 
containing steam-heated discs, which again tumble the material during drying. The 
latter process is slower but controlled more easily. The dried product is ground so 
that less than 10 per cent passes a 1 mm screen and more than 90 per cent passes a 
10 mm screen. 

In well-produced meals the protein has a digestibility of between 0.93 and 0.95, 
but meals that are heated too strongly in processing may have values as low as 0.60. 
The quality of protein in fishmeal is high though variable, as indicated by values of 
0.36 and 0.82 quoted as the biological value for rats. Processing conditions, particu- 
larly the degree and length of time of heating, are probably the major determinants 
of protein quality, as shown by the figures for available lysine quoted in Table 23.4. 
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Table 23.4 Effect of various heat treatments on the available 
lysine contents of fishmeals 


Treatment Available lysine (g/kg CP) 
Freeze dried 86 
Oven dried 

105 °C for 6 hours 83 

170 °C for 6 hours 69 


Values of 0.58 for r = 0.02, 0.44 for r = 0.05 and 0.38 for r = 0.08 (r = passage 
rate from the rumen; see p. 325) have been quoted for the rumen degradability of 
fishmeal protein, and it is pre-eminent as a source of undegradable protein for rumi- 
nant animals, although EU legislation currently bans its use. 

The protein contents of various fishmeals vary over a range of about 500-750 g/kg, 
but the composition of the protein is relatively constant. It is rich in the essential 
amino acids, particularly lysine, cystine, methionine and tryptophan, and is a valu- 
able supplement to cereal-based diets, particularly where they contain much maize. 
The essential amino acid composition is compared with that of ideal protein (see 
Table 13.7 in Chapter 13) in Box 23.3. 

Fishmeals have a high mineral content (100-220 g/kg), which is of value nutri- 
tionally since it contains a high proportion of calcium and phosphorus and a number 
of desirable trace minerals, including manganese, iron and iodine. They are a good 
source of B complex vitamins, particularly choline, B12 and riboflavin, and have en- 
hanced nutritional value because of their content of growth factors known collec- 
tively as the animal protein factor (APF). 

Fishmeals contain high levels of polyunsaturated fatty acids, and the ratio of 
omega-3 to the more abundant omega-6 acids is particularly desirable; they also 


BOX 23.3 Ratio of the essential amino acids to lysine in fishmeal protein and ideal 
protein for growing pigs 


Amino acid Fishmeal Ideal protein 


Lysine 1.0 1.0 

Methionine + cystine 0.45 0.59 
Trytophan 0.14 0.19 
Threonine 0.57 0.65 
Leucine 1.01 1.00 
Isoleucine 0.62 0.58 
Valine 0.73 0.70 
Histidine 0.29 0.34 
Phenylalanine + tyrosine 1.04 1.00 


581 


Chapter 23 Protein concentrates 


582 


Table 23.5 Composition and nutritive value of some typical fishmeals 


Herring South American UK-produced 

Crude protein (g/kg) 730 660 640 
Oil (g/kg) 70 60 65 
Calcium (g/kg) 20 45 80 
Phosphorus (g/kg) 15 30 50 
ME (MJ/kg DM) 

Ruminant 17.8 14.6 14.6 

Poultry 14.9 13.9 13.4 
DE (MJ/kg DM, pigs) 19.6 19.0 17.0 


contain significant amouts of eicosapentaenoic and docosohexenoic acids (see 
Chapter 3). Increased levels of these substances are advantageous to human beings 
consuming them. 

The energy of fishmeals is present entirely in the form of fat and protein and is 
largely a reflection of the oil content. In the past, the energy value for animals has 
been underestimated, particularly in the case of ruminants, for which average values 
in the region of 14 MJ/kg of metabolisable energy are now accepted as realistic. 

A wide variety of fishmeals are available, depending upon the country of origin, 
the raw material and the process used. For convenience, the meals currently avail- 
able in the UK may be grouped into: 


South American fishmeals; 
herring-type fishmeals; 
UK-produced meal, which may contain a proportion of offal. 


Typical figures for composition and nutritive value are given in Table 23.5. 

The current trend in the marketing of fishmeals is towards specialised products 
tailored to suit particular species. Thus, special low-temperature meals are produced 
for aquaculture and for early-weaned pigs, and ruminant-grade products have 
strictly controlled levels of soluble nitrogen. 

Fishmeals find their greatest use with simple-stomached animals. They are used 
mostly in diets for young animals, whose demand for protein and the indispensable 
amino acids is particularly high and for whom the growth-promoting effects of APF 
are valuable. Such diets may include up to 150 kg/t of fishmeal. With older animals, 
which need less protein, the level of fishmeal in the diet is brought down to about 
50 kg/t, and it may be eliminated entirely from diets for those animals in the last 
stages of fattening. This is partly for economic reasons, since the protein needs of 
such animals are small, and partly to remove any possibility of a fishy taint in the 
finished carcass. This possibility must also be considered carefully with animals pro- 
ducing milk and eggs, which are vulnerable to taint development. Fully ruminant 
animals are able to obtain amino acids and B vitamins by microbial synthesis, and 
the importance of fishmeal for such animals is as a source of undegradable protein. 
This is of particular importance for actively growing and pregnant animals. Rates of 
inclusion in the diet are usually about 50 kg/t. For lactating cows, the daily intake of 
fishmeal should be limited to not more than 1 kg. Above this, the intake of oil could 
exceed 100 g/day, which would have detrimental effects on fermentation in the 
rumen. 
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The nitrite content of fishmeals sold in the UK is strictly controlled by legislation. It 
may not be more than 60 mg/kg of food referred to a moisture content of 120 mg/kg 
and stated as sodium nitrite. This is equivalent to 14 mg nitrite nitrogen/kg DM. 


Blood meal 


In the UK, blood meal is defined as ‘the product obtained by drying the blood of 
slaughtered warm-blooded animals. The product must be substantially free of foreign 
matter’ (Feeding Stuffs Regulations 2005). 

It is manufactured by passing live steam through blood until the temperature 
reaches 100 °C. This ensures efficient sterilisation and causes the blood to clot. It is 
then drained, pressed to express occluded serum, dried by steam heating and 
ground. 

Blood meal is a chocolate-coloured powder with a characteristic smell. It contains 
about 800 g/kg of protein, small amounts of ash and oil, and about 100 g/kg of 
water. It is important nutritionally only as a source of protein. Blood meal is one of 
the richest sources of lysine and a rich source of arginine, methionine, cystine and 
leucine, but it is deficient in isoleucine and contains less glycine than fish, meat, or 
meat and bone meals. Owing to the poor balance of amino acids, its biological value 
is low; in addition, it has a low digestibility. It has the advantage, in certain situa- 
tions, that its protein has a very low rumen degradability (about 0.20). 

The meal is unpalatable and its use has reduced growth rates in poultry so that it 
is not recommended for young stock. For older birds, rates of inclusion are limited to 
about 10-20 kg/t of the diet. It should not be included in creep foods for pigs. Nor- 
mal levels of inclusion for older animals are of the order of 50 kg/t of diet, and it is 
usually used along with a high-quality protein source. At levels over 100 kg/t of 
the diet, it tends to cause scouring and is best regarded as a food for boosting dietary 
lysine levels. 


Hydrolysed feather meal 


The Feeding Stuffs Regulations 2005 define this material as the ‘product obtained by 
hydrolysing, drying and grinding poultry feathers’. 

The meal is produced by steam cooking under pressures of 2.8-3.55 kg/cm? for 
30-45 minutes, when temperatures of 140-150 °C are achieved. 

Feather meal has a high protein content, typically about 850 g/kg, with individual 
samples varying from 610 g/kg to 930 g/kg. Histidine and lysine are joint first limiting 
amino acids, with methionine being third limiting. Ileal digestibility is of the order 
of 0.5, with digestibility values for individual amino acids varying from 0.20 to 0.70. 
There is some evidence that protein digestibility may be improved if processing is car- 
ried out at higher pressures for a shorter time. Typically, the meal has a digestible energy 
value for pigs of 12.6 MJ/kg DM and metabolisable energy values of 13.7 MJ/kg DM, 
12.5 MJ/kg DM and 13.6 MJ/kg DM for poultry, cattle and sheep, respectively. Varia- 
tions in processing conditions may have a marked effect on nutritive value. 

The meal is of low palatability and must be introduced into the diet gradually. 
Dietary rates of inclusion are generally low, being of the order of 25-30 kg/t of the 
total ration for adult ruminants, 25 kg/t for layers, broilers and turkeys, and 10 kg/t 
for calves, lambs, sows, and growing and finishing pigs. The meal is not used for 
weaner and creep-fed pigs or chicks. 
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There is a risk of contamination of the base material with Salmonella, and it is 
important that strict control of processing conditions should be maintained in order 
to minimise the risk of this in the finished product. 


MILK PRODUCTS 


Whole milk 


Whole milk from cows contains about 875 g/kg of water and 125 g/kg of dry matter, 
usually referred to as the total solids. Of this, about 37.5 g/kg is fat. The remainder, 
termed the solids-not-fat (SNF), consists of protein (33 g/kg), lactose (47 g/kg) and 
ash (7.5 g/kg). Most of the fat consists of neutral triacylglycerols having a character- 
istically high proportion of fatty acids of low molecular weight and providing an 
excellent source of energy. It has about 2.25 times the energy value of the milk sugar 
or lactose. The crude protein fraction of milk is complex, about 5 per cent of the ni- 
trogen being non-protein. Casein, the chief milk protein, contains about 78 per cent 
of the total nitrogen and is of excellent quality, but it is marred by a slight deficiency 
of the sulphur-containing amino acids, cystine and methionine. Fortunately, 
B-lactoglobulin is rich in these acids and so the combined milk proteins have a bio- 
logical value of about 0.85.The most economical use of the protein is in supplement- 
ing poor-quality proteins such as those of the cereals, for which purpose it is better 
than either the meat or fish products. When milk products are used to replace fish- 
meal or meat and bone meal, the diet must be supplemented with inorganic ele- 
ments, particularly calcium and phosphorus, since the ash content of milk is low. 
Milk has a low magnesium content and is seriously deficient in iron. Normally milk 
is a good source of vitamin A but a poor one of vitamins D and E. It is a good source 
of thiamin and riboflavin and contains small amounts of vitamin B12. 

Whole milk is consumed by suckled calves, lambs, young dairy and bull calves, 
and animals being prepared for competition. Two milk by-products are widely used 
and are valuable foods for farm animals. 


Skim milk 


This is the residue after the cream has been separated from milk by centrifugal force. 
The fat content is very low, below 10 g/kg, and the gross energy is much reduced, 
about 1.5 MJ/kg as compared with 3.1 MJ/kg for whole milk. Removal of the fat in 
the cream also means that skim milk is a poor source of the fat-soluble vitamins, but 
it does result in a concentration of the SNF constituents. Skim milk finds its main use 
as a protein supplement in the diets of simple-stomached animals and is rarely used 
for ruminant animals; it is particularly effective in making good the amino acid 
deficiencies of the largely cereal diets of young pigs and poultry. It is usually given to 
pigs in the liquid state and is limited to a per capita consumption of 2.8-3.4 1 
(3.0-3.6 kg) per day. When the price is suitable, it may be given ad libitum, and up to 
23 | (24 kg) per pig per day may be consumed along with about 1 kg of meal. Scour- 
ing may occur at these levels but can be avoided with reasonable care. Liquid skim 
milk must always be given in the same state, either fresh or sour, if digestive upsets 
are to be avoided. It may be preserved by adding 1.5 1 of formalin to 1000 1 of skim 
milk. For feeding poultry, skim milk is normally used as a powder and may form up 
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Single-cell protein 


Table 23.6 Effect of processing on the nutritive value of skim milk 


Digestibility Biological value Available lysine 

of protein of protein (g/kg CP) 
Spray-dried 0.96 0.89 81 
Roller-dried 0.92 0.82 59 


to 150 kg/t of the diet. It contains about 350 g/kg of protein, the quality of which 
varies according to the manufacturing process used: roller-dried skim milk is sub- 
jected to a higher drying temperature than the spray-dried product and has a lower 
digestibility and biological value (Table 23.6). For poultry, skim milk has the disad- 
vantage of having a low cystine content. 


Whey 


When milk is treated with rennet in the process of cheese making, casein is precipi- 
tated and carries down with it most of the fat and about half the calcium and phos- 
phorus. The remaining serum is known as whey, which, as a result of the partitioning 
of the milk constituents in the rennet coagulation, is a poorer source of energy 
(1.1 MJ/kg), fat-soluble vitamins, calcium and phosphorus. Sweet whey (pH > 5.6) is 
produced from rennet-coagulated cheese production, whereas acid whey (pH < 5.1) 
is produced from the manufacture of cottage cheese. Quantitatively, whey is a poorer 
source of protein than milk, but most of the protein is B-lactoglobulin and is of very 
good quality. Whey is usually given ad libitum in the liquid state to pigs. Dried skim 
milk and whey find their main use as constituents of proprietary milk replacers for 
young calves. Unlike those of skim milk, whey proteins do not clot in the stomach 
and may give rise to digestive problems at high rates of inclusion. The major carbo- 
hydrate present in whey is lactose, which has been shown to be antiprotozoal and 
increase microbial protein synthesis within the rumen. Lactose has also been 
demonstrated to have a stabilising effect on ruminal pH when included at rates of 
50 g/kg DM, which is independent of its effect on protozoal numbers. 


SINGLE-CELL PROTEIN 


Protein for feeding animals has been produced by microbial fermentation. Single- 
cell organisms such as yeasts and bacteria grow very quickly and can double their 
cell mass, even in large-scale industrial fermenters, in 3-4 hours. A range of nutrient 
substrates can be used, including cereal grains, sugar beet, sugarcane and its by- 
products, hydrolysates from wood and plants, and waste products from food manu- 
facture. Bacteria such as Pseudomonas spp. can be grown on more unconventional 
materials such as methanol, ethanol, alkanes, alkanals and organic acids. The figures 
in Table 23.7 show that the material obtained by culturing different organisms varies 
considerably in composition. 

The protein content of bacteria is higher than that of yeasts and contains higher 
concentrations of the sulphur-containing amino acids but a lower concentration of 
lysine. Single-cell protein (SCP) contains unusually high levels of nucleic acids, rang- 
ing from 50 g/kg DM to 120 g/kg DM in yeasts and from 80 g/kg DM to 160 g/kg DM 
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Table 23.7 Chemical composition of single-cell protein (SCP) grown on different substrates (g/kg DM) 


Substrates Microorganism DM (g/kg) Organic Crude Crude Crude Ash 
used matter protein fat fibre 

Gas oil Candida lipolytica 916 914 678 25 44 86 
Gas oil Candida lipolytica 903 917 494 132 41 84 
n-Paraffin Candida lipolytica 932 934 644 92 47 66 
n-Paraffin Candida lipolytica 914 933 480 236 47 67 
n-Alkanes Pichia guillerm 971 941 501 122 76 59 
Whey (lactic acid) Candida pseudotropicalis 900 900 640 56 50 100 
Methanol Candida boidinii 938 939 388 77 107 61 
Methanol Pseudomonas methylica 967 903 819 79 5 97 
Sulphite liquor Candida utilis 917 925 553 79 13 75 
Molasses Saccharomyces cerevisiae 908 932 515 63 18 68 
Extract of malt Saccharomyces carlsbergensis 899 926 458 31 11 74 


After Schulz E and Oslage H J 1976 Animal Feed Science and Technology 1: 9. 


586 


23.7 


in bacteria. Some of the purine and pyrimidine bases in these acids can be used for 
nucleic acid biosynthesis. Large amounts of uric acid or allantoin, the end products 
of nucleic acid catabolism, are excreted in the urine of animals consuming SCP. The 
oil content of yeasts and bacteria varies from 25 g/kg DM to 236 g/kg DM, and the 
oils themselves are rich in unsaturated fatty acids. Although SCP does contain a 
crude fibre fraction, which can be quite high in some yeasts, it is not composed of 
cellulose, hemicelluloses and lignin as in foods of plant origin; the fibre consists 
chiefly of glucans, mannans and chitin. 

Studies with pigs have yielded digestibility coefficients for energy varying from 
0.70 to 0.90 for yeasts grown on whey and n-paraffins, respectively, and a value of 
0.80 was obtained for a bacterium grown on methanol. The inclusion of up to 150 kg/t 
of SCP in pig diets has given levels of animal production comparable with those 
obtained with diets containing soya bean meal or fishmeal. Similarly encouraging 
results have been obtained with calves, although it is usually recommended that the 
maximum level of inclusion of alkane yeasts in calf milk substitutes should be 80 kg/t. 

In the case of poultry, dietary SCP concentrations of 20-50 kg/t have proved 
optimal for broilers, and 100 kg/t has been suggested for diets for laying hens. 


SYNTHETIC AMINO ACIDS 


Meeting the requirements of non-ruminants for a balanced supply of essential 
amino acids requires the use of expensive protein sources, such as fishmeal, or high 
levels of less well-balanced protein sources such as soya bean meal (see Chapter 13). 
Economics dictate that the latter option is usually taken, and, in order to meet the 
requirements for the limiting amino acid, an excess of total protein has to be sup- 
plied. This is deaminated and the nitrogen is excreted; both processes require 
energy, and such protein oversupply is wasteful in terms of both protein and energy 
metabolism. In addition, the excreted nitrogen may be a source of pollution in the 
environment. 
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Non-protein nitrogen compounds as protein sources 


An alternative to the use of high dietary levels of unbalanced proteins is to use 
them at lower levels, but in combination with supplements of free amino acids. This 
reduces the total amount of protein given and, since the amino acid balance is more 
appropriate, the efficiency of energy and protein use is improved and less nitrogen is 
wasted. Amino acids can be produced industrially by chemical and microbial 
processes and are readily available. 

Pig and poultry diets based on cereals and vegetable protein sources are now 
routinely supplemented with L-lysine hydrochloride (supplying 780 g lysine/kg), DL- 
methionine and L-threonine. A diet for a finishing pig, which has to contain 10 g 
lysine/kg, required a combination of 750 g barley and 250 g soya bean meal/kg, and 
this mix has a crude protein content of 185 g/kg (see Appendix 2, Table A.2.2.2). 
With the inclusion of 2 g of lysine hydrochloride, the same lysine content can be 
achieved with a mix of 808 g barley and 190 g soya bean meal, and the protein con- 
tent is reduced to 165 g/kg. Such reductions in crude protein content have main- 
tained a balanced supply of amino acids and resulted in improved rates of liveweight 
gain and food conversion efficiency. It is important that the supplementary acids are 
not used excessively to satisfy the animal’s requirements, since this may bring about 
an undersupply of other essential amino acids. 

In high-producing ruminant animals such as dairy cows, the first limiting amino 
acid is generally methionine, followed by lysine, particularly if the diet is high in 
maize silage or grain. To increase tissue methionine or lysine supply in ruminants re- 
quires the supplement to be protected against microbial activity in the rumen but 
subsequently be available for absorption in the small intestine. Protection is gener- 
ally in the form of surface coating with a fatty acid, pH-sensitive polymer, mineral 
mixture, or chemically modified molecules such as D,L-2-hydroxy-4-(methylthio)- 
butanoic acid. The surface coating of amino acids causes problems when pelleting. 
The bioavailability (i.e. the proportion absorbed to that fed) of protected methionine 
products is in the range 500-810 g/kg. The response to feeding protected amino 
acids on milk production in dairy cows is variable and dependent on factors includ- 
ing the basal ration and animal production level. 


NON-PROTEIN NITROGEN COMPOUNDS 
AS PROTEIN SOURCES 


Non-protein nitrogen compounds are recognised as useful sources of nitrogen for 
ruminant animals, and simple nitrogenous compounds such as ammonium salts of 
organic acids can be utilised to a very limited extent by pigs and poultry. Commer- 
cially, non-protein nitrogen compounds are important for ruminants only. Their use 
depends upon the ability of the rumen microorganisms to use them in the synthesis of 
their own cellular tissues (see Chapter 8), and they are thus able to satisfy the microbial 
portion of the animal’s demand for nitrogen and, by way of the microbial protein, at 
least part of its nitrogen demand at tissue level. The compounds investigated include 
urea, ammonium salts of organic acids, inorganic ammonium salts and various amides 
as well as thiourea, hydrazine and biuret. Studies in vitro have shown that ammo- 
nium acetate, ammonium succinate, acetamide and diammonium phosphate are bet- 
ter substrates for microbial protein synthesis than urea, but from considerations of 
price, convenience, palatability and toxicity, urea has been the most widely used and 
investigated non-protein nitrogen compound in foods for farm animals. 
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Urea 


Urea is a white, crystalline, deliquescent solid with the following formula: 


Pure urea has a nitrogen content of 466 g/kg, which is equivalent to a crude protein 
content of 466 X 6.25 = 2913 g/kg. Feed urea contains an inert conditioner to keep 
it flowing freely, and this reduces its nitrogen content to 464 g/kg, equivalent to 
2900 g/kg crude protein. Urea is hydrolysed by the urease activity of the rumen 
microorganisms with the production of ammonia: 


NH2 


C:O + HO ——ə 2NH3 + CO; 


NH2 


The ease and speed with which this reaction occurs when urea enters the rumen 
gives rise to two major problems owing to excessive absorption of ammonia from the 
rumen. Thus, wastage of nitrogen may occur, and there may be a danger of ammonia 
toxicity. This is characterised by muscular twitching, ataxia, excessive salivation, 
tetany, bloat and respiration defects (both rapid, shallow and slow, deep breathing 
have been reported). Dietary levels of urea vary in their effects and it is not possible 
to give accurate safety limits for any particular animal. Thus, sheep receiving as little 
as 8.5 g per day have died, whereas others have consumed up to 100 g per day 
without ill effects. Toxic symptoms appear when the ammonia level of peripheral 
blood exceeds 500 pmol/l, and the lethal level is about 1500 pmol/l. Such levels are 
usually associated with ruminal ammonia concentrations of about 800 mg/l, the ac- 
tual level depending upon pH. Ammonia, which is the actual toxic agent in urea poi- 
soning, is most toxic at high ruminal pH owing to the increased permeability of the 
rumen wall to un-ionised ammonia compared with the ammonium ion, which pre- 
dominates at low pH. 

Urea should be given in such a way as to slow down its rate of breakdown and 
encourage ammonia utilisation for protein synthesis. It is most effective when given 
as a supplement to diets of low protein content, particularly if the protein is resistant 
to microbial breakdown. The diet should also contain a source of readily available 
energy so that microbial protein synthesis is enhanced and wastage reduced. At the 
same time, the entry of readily available carbohydrate into the rumen will bring 
about a rapid fall in rumen pH and so reduce the likelihood of toxicity. Many of the 
difficulties encountered with urea would be avoided if the amount and size of meals 
were restricted. To avoid the danger of toxicity, not more than one-third of the 
dietary nitrogen should be provided as urea and, where possible, this should be in 
the form of frequent and small intakes. 

Urea, like other non-protein nitrogen sources, will not be used efficiently by the 
ruminant animal unless the diet does not contain sufficient degradable protein to 
satisfy the needs of its rumen microorganisms. 


Non-protein nitrogen compounds as protein sources 


Although urea provides an acceptable protein source, there is evidence that 
where it forms a major part of dietary nitrogen, deficiencies of the sulphur- 
containing amino acids may occur. In such cases, supplementation of the diet with a 
sulphur source may be necessary. An allowance of 0.13 g of anhydrous sodium sul- 
phate per gram of urea is generally considered to be optimal. Urea does not provide 
energy, minerals or vitamins for the animal, and when it is used to replace conven- 
tional protein sources care must be taken to ensure that satisfactory dietary levels of 
these nutrients are maintained by adequate supplementation. 

Urea is available in proprietary foods in several forms. It may be included in solid 
blocks that provide vitamin and mineral supplementation and contain a readily 
available source of energy, usually starch. Animals are allowed free access to the 
blocks, intake being restricted by the blocks having to be licked and by their high 
salt content.There is some danger of excessive urea intakes if the block should crum- 
ble or if there should be a readily available source of water that allows the animal to 
cope with the high salt intakes. Solutions of urea containing molasses as the energy 
source and carrying a variable amount of mineral and vitamin supplementation 
are also in use. Like the blocks, they contain 50-60 g urea and about 250 g sugar 
per kilogram and are supplied in special feeders in which the animal licks a ball 
floating in the solution. 

Several proprietary concentrate foods contain urea at levels in the range of 
10-30 g/kg. Protein supplements for balancing cereals usually contain about 
100 g/kg urea but there are some highly concentrated products with as much as 
500 g/kg. When urea is included in the concentrate diet, thorough mixing is essential 
to prevent localised concentrations, which may have toxic effects. Urea is sometimes 
added to the roughage or concentrate portion of the ration as a solution containing 
about 350 g urea and 100 g molasses per kilogram. 

Urea may be used for all classes of ruminants but is less effective in animals in 
which the rumen is not fully functional. Low-intensity, ranch-like conditions, in 
which animals are fed on diets containing poor-quality protein in low concentra- 
tion, are very suitable for the use of block or liquid foods. Under such conditions, 
raising the nitrogen content of the diet may increase the digestibility and intake 
of the roughage owing to stimulation of microbial activity. Beef cattle and sheep 
consuming small amounts of concentrates are able to utilise urea efficiently, as are 
animals receiving large quantities of concentrate ad libitum, resulting in small and 
frequent intakes of food. Low-yielding dairy cows use urea-containing concen- 
trates efficiently owing to their low concentrate intakes; cows of moderate and 
high yield receiving large meals of concentrates at milking do not. There is much 
evidence for reduced performance by such animals given diets containing urea. 

When straws and other low-quality roughages are treated with ammonia (see 
p. 529), about 0.3-0.5 of the ammonia is retained by the roughage and may be 
utilised by the rumen microorganisms in the same way as ammonia derived from 
urea. Similarly, urea treatment of whole crop cereals can be used to produce an alka- 
line preserved forage with a pH of approximately pH 8.0, and increase the crude 
protein content by 40-80 g/kg DM. 


Slower-release urea-based sources 


Means to reduce the rate of nitrogen release from urea in the rumen (and subse- 
quent post-feeding peak in rumen and plasma ammonia concentrations) have been 
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developed, with varying degrees of success. Sources evaluated include calcium- 
chloride-bound urea, isobutylidene diurea, acetyl urea, tung- and linseed-oil-coated 
urea, formaldehyde-treated urea, natural zeolite, polymer-coated or fatty-acid-coated 
urea, and biuret. 

Biuret is produced by heating urea. It is a colourless, crystalline compound with 
the following formula: 


NH2: CO : NH: CO : NH3 


It contains 408 g N/kg, equivalent to 2550 g CP/kg. Biuret is utilised by rumi- 
nants, but a considerable period of adaptation is required. Adaptation is speeded by 
inoculation with rumen liquor from an adapted rumen. The nitrogen of biuret is not 
utilised as efficiently as that of urea, and it is very much more expensive. It has the 
considerable advantage that it is non-toxic even at levels very much higher than 
those likely to be found in foods. 

Compound foods containing urea, must by law carry a declaration of: 


the name of the material; 

the amount present; 

the proportion of nitrogen, expressed as protein equivalent, provided by the non- 
protein nitrogenous content of the food; 

directions for use specifying the animals for which the food is intended and the 
maximum level of non-protein nitrogen, which must not be exceeded in the daily 
ration. 


Poultry waste 


In the UK, poultry waste is legally defined as ‘the product obtained by drying and 
grinding waste from slaughtered poultry. The product must be substantially free of 
feathers’ (Feeding Stuffs Regulations 2005). 

Despite aesthetic objections, dried poultry excreta have been used successfully 
for ruminants. 

Poultry manures vary considerably in composition, depending upon their origins. 
That from caged layers has a lower fibre content than broiler litter, which has a base 
of the straw, wood chips or sawdust used as bedding. Broiler litters also vary in com- 
position depending upon the number of batches put through between changes of 
bedding. Both types of waste have a high ash content, particularly that of layers, usu- 
ally about 280 g/kg DM. Digestibility is low and, although metabolisable energy val- 
ues of 6-9 MJ/kg DM have been quoted, 7.5 MJ/kg DM is probably a realistic figure. 
Protein (N X 6.25) contents are variable, between 250 g/kg DM and 350 g/kg DM, 
with a digestibility of about 0.65. Most of the nitrogen (600 g/kg at least) is present 
as non-protein compounds, mostly urates, which must be converted first into urea 
and then into ammonia in order to be utilised by the animal. The conversion to urea 
is usually a slow process, and wastage and the danger of toxicity are both less than 
with foods containing urea itself. Layer wastes are excellent sources of calcium 
(about 65 g/kg DM), but the ratio of calcium to phosphorus is rather wide, at 3: 1; 
broiler litters have less calcium, with ratios closer to 1:1. 

Dietary inclusion rates of up to 250 kg/t for dairy cows and up to 400 kg/t for fat- 
tening cattle have been used and have supported very acceptable levels of perform- 
ance. Thus, dairy cows given 110 kg per tonne of diet to replace half the soya bean 


Summary 


of a control diet yielded 20 kg milk, the same as the control, but gained only 
0.58 kg/day compared with 0.95 kg/day for the controls. With fattening steers, con- 
centrate diets containing wastes have supported gains of the order of 1 kg/day, but it 
has been estimated that for each inclusion of 100 kg excreta per tonne of diet, 
liveweight gains are reduced by about 40 g/kg. 

One of the major anxieties constraining the use of poultry wastes in animal diets 
has been the fear of health hazards arising from the presence of pathogens such as 
Salmonella and the presence of pesticide and drug residues. The heat treatment 
involved in drying and the ensiling procedures used for storing the materials appear 
to offer satisfactory control of pathogens, and pesticides have not proved to be a 
problem. Drug residues may be a hazard, but this can be overcome by having a with- 
drawal period of 3 weeks before slaughter. 

The best method of treating poultry wastes for use as animal foods is by drying, 
but this is costly; ensiling, either alone, with forage, or with barley meal and malt, 
has proved satisfactory. 

The Feeding Stuffs Regulations 2005 state that ‘no person shall put into circula- 
tion for use as a feeding stuff, or use as a feeding stuff, any material which contains 
faeces, urine or separated digestive tract contents resulting from the emptying or re- 
moval of the digestive tract, irrespective of any form of treatment or admixture’. 
Taken in conjunction with the requirements of the Processed Animal Protein Order 
(see above), this makes the use of poultry waste virtually impossible. 

Poultry wastes must, by law, carry a declaration of the amount of protein equiva- 
lent of uric acid if 1 per cent or greater and of calcium if in excess of 2 per cent. 


SUMMARY 


1. 


Oilseed cakes and meals are the residues re- 
maining after oil is removed from oilseeds. 
They are rich in protein and are valuable 
foods for animals. 


. About 2.6 million tonnes were used by the 


British food-compounding industry in 2008, of 

which soya bean meal contributed 45 per cent, 
rapeseed meal 29 per cent, and sunflower meal 
8 per cent. 


. They usually have a high content of phospho- 


rus, which tends to exacerbate the generally 
low calcium content. 


. The quality of oilseed protein is higher than that 


of the cereals, and the best may approach that 
of some animal proteins. In general, they have 
a low content of methionine and cystine, and a 
variable though usually low lysine content. 


. Oilseeds contain antinutritional factors, and 


some, such as castor oil seeds, are so toxic as to 


preclude their use as foods unless stringent 
conditions are attached to their use. 


. Protein quality of leguminous seeds such as 


peas and beans is good, with methionine the 
main limiting amino acid. 


. Animal protein concentrates are used primarily 


in small amounts to make good deficiencies of 
certain indispensable amino acids, minerals and 
B vitamins in the diets of non-ruminant animals. 


. The use of various meat by-products as food 


for certain animals is currently prohibited in 
the UK and Europe. 


. About 120 000 tonnes of fishmeal was con- 


sumed by animals in Britain in 2008 (although 
its use is now restricted to non-ruminants). 
The quality of the protein is high and it is, 

in addition, an excellent source of calcium, 
phosphorus, choline, vitamin B12 and 
riboflavin. Fishmeals transmit high levels 


591 


Chapter 23 Protein concentrates 


of polyunsaturated acids to animals consuming 
them, which may benefit human beings con- 
suming their products. 


10. Milk products supply protein of high quality. 


11 
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They are used mainly in pig diets and for 
young animals in general, such as calves. 


. The use of synthetic amino acids as dietary 


supplements has increased in the past few 
years and it is now routine to add L-lysine hy- 
drochloride, pL-methionine and -threonine 


QUESTIONS 


23.1 Compare and contrast the nutritive value of soya bean meal, rapeseed meal 


12. 


to pig and poultry diets. Ruminally protected 
amino acids such as methionine or lysine may 
be useful in the diets of high-producing rumi- 
nants such as dairy cows. 


Non-protein materials such as urea are used 
to provide a supply of degradable nitrogen 
for the rumen bacteria and thus protein for 
the host ruminant. Care is needed to ensure 
an adequate supply of energy and sulphur for 
the bacteria. 


and linseed meal in pig and poultry diets. 


23.2 Discuss the antinutritive factors present in groundnut meal and sheanut meal 


and explain how these limit their inclusion in farm animal diets. 


23.3 Compare and contrast the use of urea sources and protected amino acids in the 


diet of high-yielding dairy cows and poultry. 
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Food additives are materials that are administered to the animal to enhance the effec- 
tiveness of nutrients and exert their effects in the gut or on the gut wall cells. There are 
clear theoretical reasons why these additives should be effective but, given the dynamic 
nature of the gut physiology, it is often very difficult to demonstrate the effects in prac- 
tice. For example, the effects of added organic acids within the gut lumen are difficult 
to quantify, even when re-entrant cannulae are employed. 


ANTIBIOTICS 


Antibiotics are chemical compounds that, when given in small amounts, halt the 
growth of bacteria. They are produced by other microorganisms, e.g. fungi, and are 
also synthesised in the laboratory. They are used at therapeutic levels, by injection or 
in food or water, to treat diseases caused by bacteria. In addition, subtherapeutic lev- 
els of antibiotics are added to the food to enhance the rate of growth. The various 
groups of antibiotics act in different ways to reduce the numbers of specific bacteria 
in the gut (see Box 24.1), and thereby increase the efficiency of nutrient utilisation. 
This is brought about by: 


m reduction or elimination of the activity of pathogenic bacteria that may cause 
subclinical infection, thus allowing the host to achieve production levels closer to 
their potential; 

m elimination of bacteria that produce toxins that reduce the growth of the host 
animal; 

= stimulation of the growth of microorganisms that synthesise unidentified 
nutrients; 


Antibiotics 


BOX 24.1 Modes of action of antibiotics 


Antibiotics halt the growth of bacteria by interfering with their cellular metabolism. There are 
four groups: 


Antibiotics that interfere with the synthesis of the material forming the bacterial cell wall and 
cause the cell to burst: These are high-molecular-weight (>-1200) compounds that act on Gram- 
positive bacteria. They are poorly absorbed by the host and thus are non-toxic, leave no de- 
tectable residues and have no withdrawal period (i.e. a period of time during which the 
compound must be removed from the food before the animal is slaughtered). Avoparcin and 
flavomycin are examples of this type of antibiotic. 

Inhibitors of bacterial protein synthesis: These are also primarily active against Gram-positive 
bacteria and have a medium molecular weight (>500). Although they are absorbed to a greater 
extent than the higher-molecular-weight compounds, they do not have a withdrawal period. 
Examples of this type of antibiotic include tylosin and virginiamycin. 

Inhibitors of bacterial DNA synthesis: These can have a broad spectrum of activity, have a low 
molecular weight (about 250) and require withdrawal periods. Nitrofurans and quinoxaline-N- 
oxides fall into this category of antibiotics. 

Ionophore antibiotics: These interfere with the electrolyte balance (Na/K) of the bacterial cell by 
transporting potassium into the cell, which then requires energy to pump it out. Eventually the 
ion pump fails to operate efficiently and potassium accumulates inside the cell. Water enters by 
osmosis and the cell ruptures. Monensin sodium is an example of this type of antibiotic. 


reduction of the growth of microorganisms that compete with the host animal (the 
fermentation of nutrients by bacteria is a wasteful process compared with direct 
absorption); 

increased absorptive capacity of the small intestine through a decrease in the 
thickness of the intestinal wall. 


These effects may be coupled with a reduced turnover of mucosal cells and reduced 
mucous secretion. The gut accounts for a large proportion of the energy and protein 
required to maintain an animal, and any reduction in the mass of the gut and cell 
turnover will release nutrients for other purposes such as growth. 

Antibiotic growth promoters have been used mainly in pig and poultry foods, typ- 
ically at levels of 20-40 mg/kg, which give improvements of 4-16 per cent in growth 
rate and 2-7 per cent in efficiency of food conversion. The response is greatest in 
young animals and animals consuming diets containing vegetable protein rather than 
animal protein. Mortality in young pigs is also reduced. The effect is less in healthy 
herds and flocks. Young pre-ruminant calves also respond to growth-promoting anti- 
biotics in the same manner as non-ruminants. Since ruminants depend primarily on 
bacteria in the rumen for their nutrient supply, the use of antibiotics in ruminant diets 
might be considered to be disadvantageous. However, certain antibiotics of the 
ionophore type (e.g. monensin sodium) have been found to be effective, particularly 
with low-roughage/high-concentrate diets, in controlling the proportion of undesir- 
able bacteria in the rumen without disturbing the overall fermentation. There are 
small changes in the fermentation, however, such as reduced methane production and 
increased propionic acid proportions, which improve productivity. Monensin sodium 
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at 20-30 mg/kg of food improves the efficiency of food conversion by increasing the 
rate of gain with the same food intake or by maintaining the rate of gain at a lower 
food intake. Amino acid degradation is decreased and the additional propionic acid 
may, under certain circumstances, spare amino acids for gluconeogenesis. 

The widespread use of antibiotics coupled with the ability of resistant bacterial 
strains to evolve over a short period of time and transfer resistance to other strains has 
resulted in populations of bacteria that are resistant to many antibiotics. This has lim- 
ited the effectiveness of antibiotic treatment against disease and, whereas at one time 
a bacterial infection could be treated with a range of antibiotics, now some bacteria 
are sensitive to a single antibiotic only. There is concern that if such bacteria gain resist- 
ance to this antibiotic, then the disease becomes untreatable. For this reason, the use of 
antibiotics as growth promoters has been curtailed by legislation in recent years, and in 
the EU the use of antibiotics as growth promoters is no longer permitted. 

Another material that enhances the growth of pigs, and is thought to act via the 
antibacterial effects described above, is copper (see Chapter 6). When added to their 
food, as copper sulphate, at levels far in excess of the requirement for normal func- 
tions (e.g. 200 mg Cu/kg compared with 5 mg Cu/kg), pigs grow faster. Concern over 
the accumulation of copper in the environment, and the potential toxic effect of apply- 
ing manure of high copper content to pasture grazed by sheep, has resulted in legis- 
lation in the EU to control the amount of copper that may be added to pig foods. The 
food of young pigs up to 12 weeks of age may contain 170 mg Cu/kg, but this must 
be reduced to 25 mg/kg thereafter, as for other classes of pig. 


PROBIOTICS 


In contrast to the use of antibiotics as nutritional modifiers, which destroy bacteria, 
the inclusion of probiotics in foods is designed to encourage certain strains of bac- 
teria in the gut at the expense of less desirable ones. A probiotic is defined as a live 
microbial food supplement that beneficially affects the host animal by improving 
the intestinal microbial balance. Although the digestive tract of all animals is sterile 
at birth, contact with the mother and the environment leads to the establishment of 
a varied microflora. The beneficial microorganisms produce enzymes that comple- 
ment the digestive ability of the host, and their presence provides a barrier against 
invading pathogens. Digestive upsets are common at times of stress (e.g. weaning), 
and feeding desirable bacteria such as Lactobacilli in these situations is preferable 
to using antibiotics, which destroy the desirable bacteria as well as the harmful 
species. 

It has been suggested that the desirable bacteria exert their effects in a number 
of ways: 


Adhesion to the digestive tract wall to prevent colonisation by pathogenic micro- 
organisms: Detrimental bacteria, such as E. coli, need to become attached to the 
gut wall to exert their harmful effects. Attachment is achieved by means of hair- 
like structures, called fimbriae, on the bacterial surface. The fimbriae are made up 
of proteins, called lectins, which recognise and selectively combine with specific 
oligosaccharide receptor sites on the gut wall. Lactobacilli successfully compete 
for these attachment sites, as shown in Fig. 24.1. 


Probiotics 


Pathogenic bacteria 


Non-pathogenic 


= bacteria 


Enterocyte 

Gut wall 
oe Pathogenic bacteria 
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Fig. 24.1 (a) A mixed population of bacteria with substantial attachment 
of pathogenic bacteria. (b) Competitive exclusion of pathogens due to 
preferential attachment of non-pathogens. It should be noted that the 
recognition of receptor sites (carbohydrates) by the bacterial fimbriae 
(lectins) is very specific to different types of organism. 


Adapted from Ewing W N and Cole D J A 1994 The Living Gut, Dungannon, Context. 


= Neutralisation of enterotoxins produced by pathogenic bacteria that cause fluid 
loss: There is some evidence that live probiotic bacteria can neutralise these tox- 
ins, but the active substance has not been identified. 

= Bactericidal activity: Lactobacilli ferment lactose to lactic acid, thereby reducing 
the pH to a level that harmful bacteria cannot tolerate. Hydrogen peroxide is also 
produced, which inhibits the growth of Gram-negative bacteria. It has also been 
reported that lactic acid producing bacteria of the Streptococcus and 
Lactobacillus species produce antibiotics. 

m Prevention of amine synthesis: Coliform bacteria decarboxylate amino acids to 
produce amines, which irritate the gut, are toxic and are concurrent with the inci- 
dence of diarrhoea. If desirable bacteria prevent the coliforms proliferating, then 
amine production will also be prevented. 

= Enhanced immune competence: Oral inoculation of young pigs with Lactobacilli 

has elevated serum protein and white blood cell counts. This may aid the develop- 

ment of the immune system by stimulation of the production of antibodies and 
increased phagocytic activity. 


Other postulated effects include beneficial interaction with bile salts, increased diges- 
tive enzyme production, more efficient absorption of nutrients, and greater vitamin 
production. 

In a review of the response of pigs of various ages to the administration of pro- 
biotics, it was concluded that probiotics were effective for young pigs, in which the 
digestive tract is still developing after weaning. However, probiotics were less effec- 
tive for growing and finishing pigs, which already have a balanced population of 
microorganisms. To be effective, the desirable microorganism should not be harmful 
to the host animal, should be resistant to bile and acid, should colonise the gut effi- 
ciently, should inhibit pathogenic activity, and should be viable and stable under 
manufacturing and storage conditions. 
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Fig. 24.2 Suggested modes of action of yeast cultures in the rumen. 


Adapted from Offer N W 1991 Yeast culture: its role in maximising fibre digestion in the rumen. Feed 
Compounder January: 16-19. 


In monogastric animals, strains of Lactobacilli, Bacillus subtilis and Streptococcihave 
been used as probiotics. In ruminant animals, the application of yeast (Saccharomyces 
cerevisiae) in the form of live culture, or dead cells with culture extracts, has proved 
successful in beneficially modifying rumen fermentation. 

Yeast cultures can stimulate forage intake by increasing the rate of digestion of 
fibre in the rumen in the first 24 hours after its consumption. Overall digestibility is 
not affected. It is likely that this improvement in early digestion and intake is 
brought about by alterations in the numbers and species of microorganisms in the 
rumen. The precise means by which the effect is achieved have not yet been con- 
firmed, but there are a number of probable mechanisms (Fig. 24.2). 

It is thought that metabolites of dead and live yeast cells (B vitamins, branched- 
chain fatty acids, amino acids and peptides) stimulate the growth of the bacterial 
species Megasphaera elsdenii. This utilises the lactic acid produced from the rapid fer- 
mentation of starch and sugars associated with high-concentrate diets. Live yeasts fer- 
ment sugars derived from the degradation of starch, thus competing with the 
lactic-acid-producing bacteria, and thereby stabilise rumen pH and reduce the risk of 
acidosis. Live yeast cultures also scavenge oxygen in the rumen, helping to maintain 
anaerobic conditions and favouring the growth of cellulolytic bacteria. The increase in 
forage intake can result in improved liveweight gain, milk yield and milk fat content, 
although the effects are often small in dairy cows. The addition of yeast to intensive 
beef diets has increased daily liveweight gain and food conversion efficiency. Improved 
fibre digestion has also been reported in horses when yeast cultures have been given. 


24.3 


Oligosaccharides 


OLIGOSACCHARIDES 


Oligosaccharides (2-20 monosaccharide units; see Chapter 2) have been claimed as 
beneficial nutritional modifiers for monogastric farm animals. They fall into the group 
of materials also known as prebiotics, which are defined as compounds other than 
dietary nutrients that modify the balance of the microfloral population by promot- 
ing the growth of beneficial bacteria and thereby provide a healthier intestinal 
environment. Oligosaccharides occur naturally in foods: soya bean meal, rapeseed 
meal and legumes contain a-galactooligosaccharides (GOS); cereals contain fructo- 
oligosaccharides (FOS); milk products have trans-galactooligosaccharides (TOS); 
and yeast cell walls contain mannanoligosaccharides (MOS). They are also produced 
commercially. 

It has been suggested that these compounds achieve their beneficial effects in the 
gut in two ways. First, although they are not easily digested by the host digestive en- 
zymes, compounds such as FOS can be fermented by the favourable bacteria (e.g. 
Bifidobacteria and Lactobacilli), giving them a competitive advantage. This shifts the 
microbial population towards such microorganisms and away from the harmful species. 

Second, the gut microbial population may be altered by the oligosaccharide inter- 
fering with the attachment of harmful bacteria to the gut wall. As a means of cell 
recognition, all cell types have a unique configuration of carbohydrate-containing 
compounds (glycoproteins and glycolipids) on their surface. As described above in 
the section on probiotics, pathogenic bacterial cells have surface compounds called 
lectins that recognise these carbohydrates and by which they attach to the gut cells. 
Once attached, the bacteria are able to multiply and produce their harmful effects. 
Species such as Salmonella and E. coli have a mannose-specific lectin that binds to 
mannose residues on the gut mucosal surface. By introducing mannose-containing 
compounds (MOS) into the diet, the binding by pathogenic bacteria is disrupted and 
instead they bind to the oligosaccharide and are carried out of the gut with the pas- 
sage of the digesta (Fig. 24.3). Yeasts have mannans in the cell wall structure and form 
the basis of some commercial products that are claimed to act in this way. Indeed, 
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Fig. 24.3 The lectin-carbohydrate combination is specific to a particular organism. 
However, if the same carbohydrate (e.g. an oligosaccharide) is provided in the 
diet, harmful bacteria can be encouraged to attach to these and they do not 
adhere to the gut wall but are excreted without producing toxins. 


From Ewing W N and Cole D J A 1994 The Living Gut, Dungannon, Context. 
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the presence of such yeast fragments has been said to be the reason why yeast prod- 
ucts are beneticial. 

The efficacy of products containing oligosaccharides is currently the subject of ac- 
tive experimentation. There can be no guarantee that an oligosaccharide will favour 
the growth of beneficial species in a complex microflora such as that found in the pig 
intestine. Experiments have shown that piglets given an oral challenge of E. coli 
responded to GOS with a reduced pH of ileal digesta and reduced population of col- 
iforms. Supplements of FOS and TOS have reduced the numbers of aerobic bacteria 
in the gut of weaned piglets, and there are reports of a reduced incidence of diarrhoea. 
Under farm conditions, improvements in gain and food conversion efficiency of the 
order of 4-6 per cent have been recorded. In other experiments, reduced digesta pH has 
been reported, but without a detectable change in the composition of the microflora, 
microbial metabolites or production responses. These conflicting results may have 
arisen because the diet already contained some oligosaccharides or because experi- 
mental conditions tend to be less stressful than those on farms. 


ENZYMES 


The mammalian digestive enzymes are described in Chapter 8. Not all compounds 
in foods are broken down by these enzymes, and so some potential nutrients are un- 
available. The chemical structure of plant cells (fibre), the limited time available for 
activity in certain parts of the gut and the presence of antinutritive compounds in 
some foods hinder the release of nutrients. Early experiments with supplemental 
enzymes to overcome these limitations yielded variable responses, mainly because 
they were impure materials. As a result of advances in biotechnology, more effective 
enzyme preparations can now be produced in large quantities and relatively inex- 
pensively. Therefore, supplementation of the diet as a means of improving nutritive 
value is becoming commonplace. 

The enzymes used as food additives act in a number of ways. First, they can im- 
prove the availability of plant storage polysaccharides (e.g. starch), oils and proteins, 
which are protected from digestive enzymes by the impermeable cell wall structures. 
Thus, cellulases can be used to break down cellulose, which is not degraded by en- 
dogenous mammalian enzymes. Even in ruminant animals, in which the rumen 
microflora possess cellulase, fibrolytic enzymes have been used, but responses have 
been variable owing to the complex nature of the rumen fermentation system and 
other factors such as lignin encrustation of cellulose. Responses in pigs and poultry 
of the order of 5-10 per cent improvement in liveweight gain and 10 per cent im- 
provement in food conversion efficiency have been recorded. Supplementation of a 
wheat by-product diet with cellulase increased the ileal digestibility of non-starch 
polysaccharides from 0.192 to 0.359 and crude protein from 0.65 to 0.71. 

Second, enzymes are employed to break down materials that interfere with the 
digestion, absorption and utilisation of nutrients. The major application in this area has 
been to break down carbohydrate fractions in cereal cell walls, the B-glucans and 
arabinoxylans, which are resistant to attack by digestive enzymes. These materials hin- 
der the digestion and absorption of other nutrients by forming a viscous gum in the 
digestive tract. In pigs, it has been suggested that the increased viscosity brought about 
by B-glucans in the stomach contents may affect the natural sieving of particles. Thus, 
large particles are suspended in the viscous digesta and pass through to the duodenum 


Enzymes 


Table 24.1 Effect of B-glucanase addition to hulless barley (Scout) on food 
consumption, weight gain and food to gain ratio of broilers 


Broilers 0-6 weeks 


Diet type Intake (g) Gain (g) Gain : food 
Wheat 2910 1529 0.525 
Barley 2941 1473 0.501 
Barley + enzyme 2992 1638 0.547 


Broilers at 3 weeks 


Diet type Cumulative intake (g) Body weight (g) Gain : food 
Maize 1002 756 0.713 
Barley 987 593 0.569 
Barley + enzyme 1001 746 0.705 


Adapted from Rotter B A, Marquardt R R and Guenter W 1989 Enzymes in feed: they really can be made 
to work, Alltech European Lecture Tour, February-March 1989. 


instead of falling to the bottom of the stomach, resulting in less efficient digestion. It 
is also possible that the increase in viscosity disturbs peristalsis and pancreatic secre- 
tion. In poultry, the viscous nature of the digesta results in poor performance and 
sticky droppings, which present a problem in the management of litter waste. Sup- 
plements of B-glucanase to barley-based diets improved the rate of gain and food 
conversion efficiency of broilers to values similar to those for wheat- or maize-based 
diets (Table 24.1). The B-glucanase also reduced litter problems and improved the 
metabolisable energy of the diet. 

Supplementation of pig foods improves ileal and whole tract digestibility of nu- 
trients. In breaking down the B-glucans, the enzymes reduce the viscosity of the 
digesta, thus allowing better movement of endogenous enzymes through the mass 
and more efficient digestion and absorption of nutrients. It is still not clear 
whether viscosity per se is responsible for the effects or whether it is an indicator 
of conditions pertaining in the gut lumen that cause the problems. The response 
differs between pigs and poultry because of differences in digestive physiology 
between the two species (see Box 24.2). 


BOX 24.2 Enzyme action in pigs and poultry 


Enzymes have found major commercial application in pig and poultry diets and are used extensively 
for the latter. Differences in efficiency have been reported between the species, the effect generally 
being greater in poultry; this is possibly due to the differences in gut physiology between the two 
species. There is a greater reduction in the viscosity of digesta in the small intestine by enzymes in poul- 
try, probably because of the lower water content than in pigs. The longer retention time in the stomach 
and acidic nature of stomach contents in the pig (around pH 3) is more destructive to enzymes than the 
milder conditions in the crop (pH 4-5). New commercial enzymes have been selected for their pH sta- 
bility. Finally, pigs have a longer small intestine than poultry and the resultant increased retention time 
allows more time for the endogenous enzymes to act. Thus, there is more opportunity for supplemental 
enzymes to have an effect in poultry owing to their limited digestive tract. 
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Table 24.2 Enzyme supplementation of diets 


Diet constituent Problem component Enzyme 


Barley and oats B-Glucan: glucose B-1,4 linked spine B-glucanase 
with B-1,3 side linkages; sequence 
of linkages varies between barley 
and oats and between cultivars 


Wheat (also rye and Arabinoxylans: B-1,4 xylopyranose Pentosanase or 
triticale) residues spine with terminal xylanase 
arabinofuranosyl substitutes 
Fibrous materials Cellulose Cellulase 
Soya bean and soya Limited digestion of protein in young Proteinases 
products animals 
Grains and seeds Low availability of phytin phosphorus Phytase 


in monogastrics 


Phytase is in this category of enzyme. It releases the orthophosphate groups from 
phytic acid, which is only partially broken down by non-ruminants and is the major 
form of phosphorus in cereal grains and oilseeds (see p. 115). This results in a greater 
availability of phosphorus to the animal, and the amount of inorganic phosphorus 
added to the diet can be reduced, with beneficial effects on the environment through 
reduced phosphorus excretion. 

In the third area of enzyme application, the aim is to supplement the enzyme 
complement of young animals, in which the rate of endogenous enzyme production 
may be limiting. Early-weaned pigs have limited amylase, protease and lipase activ- 
ity (see Chapter 8), and enhancement of the extent of digestion of nutrients would 
improve performance and reduce the incidence of the diarrhoea that results from 
undigested nutrients reaching the hind gut and being fermented by bacteria. 

Finally, enzymes can increase the efficiency of utilisation of nutrients in monogas- 
tric animals by releasing them for uptake from the small intestine rather than allow- 
ing fermentation in the hind gut, which results in products of lower value to the 
animal (e.g. volatile fatty acids). 

In order to be effective when incorporated into the animal’s diet, enzymes must 
survive storage at ambient temperature, the manufacturing process (heating and pel- 
leting) and wide fluctuations in pH in the gut, be resistant to intestinal proteases, and 
have specific activity on feed components in the upper digestive tract. The enzyme 
should be selected on the basis of its target substrate. Commercial enzymes are de- 
rived from a wide range of sources, particularly fungi such as Trichoderma longi- 
brachiatum, Aspergillus niger and Humicola insolens. A summary of the application 
of enzymes is given in Table 24.2. 


ORGANIC ACIDS 


Efficient digestion of food in young pigs depends on the secretion of sufficient acid 
in the stomach. Acid additives have been used mainly in the diets of early-weaned pigs. 
Here their use relates to the digestive physiology of the young pig and the replace- 
ment of sow’s milk with solid food at weaning. The suckled piglet obtains nutrients 


Organic acids 


on a little-and-often basis, sucking about once every hour. The milk clots in the stom- 
ach, and the limited secretion of hydrochloric acid is augmented by lactic acid pro- 
duced from the fermentation of lactose by Lactobacilli. This ensures that the pH falls 
to a level that favours efficient protein hydrolysis and suppresses harmful bacteria. 
Thereafter, there is a steady release of nutrients from the clot to the small intestine. 
The solid food presented at weaning is less digestible than milk, is consumed in 
larger, less frequent meals, and has a higher buffering capacity. The limited hy- 
drochloric acid production is not sufficient to ensure that the pH falls to a level that 
prevents the growth of pathogenic bacteria. In addition, the nutrients may overload 
the immature digestive and absorptive capacity of the small intestine, and their fer- 
mentation in the hind gut results in diarrhoea. 

In order to overcome these problems, acids have been added to weaning diets to 
augment gastric HCl, giving a rapid fall in pH with beneficial effects on protein di- 
gestion and the gut microflora. Although inorganic acids have been used to supply 
hydrogen ions, and hence reduce pH, organic acids have additional desirable proper- 
ties. In their salt form, they are odourless and easy to handle; they lower the pH and 
acid binding capacity of the food; and the anion has an antimicrobial effect on 
moulds and bacteria in the food (see Box 24.3), thereby improving food quality. The 
anion has been reported to act as a complexing agent for cations, such as Ca** and 
Mg**, thus improving their retention. It is also suggested that the presence of short- 
chain fatty acids in the small intestine reduces the damage to the villi of the gut wall 
that is associated with weaning. Finally, organic acids, once absorbed by the pig, can 
be used as substrates in intermediary metabolism, principally as energy sources. 

It has proved difficult to obtain experimental evidence for all of these purported 
effects of organic acids. In an extensive review, Partenen and Mroz (1999) examined 
the evidence for their modes of action. Only a few studies have demonstrated a re- 
duction in gastric pH, but the methodology of sampling is difficult, given diurnal 
variations, differing proportions of food and secretions, and timing of sampling. To 
confirm such effects of organic acids, a study is required with permanent fixed pH 
electrodes within the stomach. There is evidence of a positive effect on the ileal di- 
gestibility of amino acids and the retention of nutrients in growing pigs. The magni- 
tude of the effect depends on the acid used and its concentration, the age of the pig 
and the composition of the diet. With regard to minerals, the absorption of calcium 
and phosphorus has been improved, but variable results have been obtained for the 
retention of these minerals. Addition of organic acids has had beneficial effects on 
microbial counts and species in some studies, but there has been little work on the 
effects on gut morphology to test the theory of an improvement of the structure of 
the villi. Finally, in some studies, the addition of formic, fumaric and citric acids to 


BOX 24.3 Antimicrobial action of organic acids 


Organic acids change from the undissociated to the dissociated form, depending on the pH of the 
environment. In the undissociated form they can diffuse rapidly through the semi-permeable mem- 
brane into the cytoplasm of the microorganism. Once inside, at a pH of around 7, the acid becomes 
dissociated and acts by suppressing the cellular enzyme and transport systems. Acids with a high 
pKa (which are 50 per cent dissociated), longer-chain-length acids and unsaturated acids are the 
most effective. 
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Table 24.3 Effect of graded levels of fumaric acid on the growth rate and food 
conversion efficiency of young pigs (10.0-18.7 kg) 


Fumaric acid (%) 


0 1 2 3 4 
Diet pH 5.96 4.77 4.33 3.98 3.80 
Liveweight gain (g/day) 261 261 257 296 297 
Food intake (g/day) 501 484 445 493 493 
Gain : food (kg gain/kg food) 0.52 0.54 0.57 0.60 0.60 


Adapted from Easter R A 1988 Acidification of diets for pigs. In: Haresign W and Cole D J A (eds) Recent 
Advances in Animal Nutrition — 1988, London, Butterworth. 


the diet has increased the activity of enzymes associated with intermediary metabo- 
lism, indicating that the acids do contribute to nutrient metabolism. 

Although the exact modes of action of the acids are not clear, their addition to 
pig diets has proved beneficial in terms of nutrient digestibility, growth and food 
conversion efficiency (Table 24.3). This is so particularly for newly weaned pigs, 
when coupled with good feeding management procedures. 

Formic and propionic acids are more effective than fumaric or citric acids at the 
same rate of inclusion because the former have a lower molecular weight. Suggested 
levels of inclusion of acid (kg/tonne diet) are formic acid 6-8, propionic acid 8-10, 
fumaric acid 12-15 and citric acid 20-25, but recommendations vary. 


SPRAY-DRIED PLASMA 


As described above in the section on organic acid additives, the early-weaned piglet 
faces challenges owing to its immature digestive and immune systems. These can re- 
sult in damage to the gut villi, which reduces nutrient absorption, and an increased 
challenge from disease organisms. A source of highly digestible nutrients is essential, 
and one product that supplies readily digestible amino acids is spray-dried plasma 
(SDP). This is manufactured from blood collected from slaughterhouses and is rap- 
idly dried to preserve the protein fraction. It has a high protein content, and the pro- 
tein fraction comprises albumins, globins and globulins, including immunoglobulins. 
Its amino acid pattern is similar to sow’s milk, being high in lysine, tryptophan and 
threonine. It is, however, low in methionine and isoleucine. 

Inclusion of SDP in the diet improves food intake and food conversion efficiency 
over a wide range of pig types and environments, but it is particularly effective in 
situations where there is a high level of exposure to pathogens. SDP is a palatable 
ingredient and by promoting food intake at weaning it helps to maintain villus 
structure and function and hence efficient digestion and absorption of nutrients. As 
a source of nutrients, there is no difference between porcine and bovine sources of 
plasma. 

The normal level of inclusion of SDP in the diet is 20-80 g/kg, and at this high 
level and as a source of protein it would normally be included in Chapter 23 under 
animal protein concentrates. However, it is thought that the product has growth- 
promoting properties beyond its use as a supply of digestible amino acids. 
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Part of the growth-promoting and beneficial health effects of SDP has been attrib- 
uted to the presence of immunoglobulins. The evidence suggests that the immunoglob- 
ulins are not absorbed by the piglet to enhance the immune system but that they may 
act within the gut, preventing bacteria and viruses from damaging the gut wall, and 
thereby intestinal function is maintained — increased villi surface area, increased 
enzyme production and reduced diarrhoea. In this latter immune effect, some recent 
research reports suggest that SDP of porcine origin is superior to that from bovines. 


MODIFIERS OF RUMEN FERMENTATION 


Rumen fermentation processes are usually kept within narrow bounds and, as they 
form an integrated system, any changes made have more than one outcome. Thus, 
modification of the processes to one desired target is difficult. Nevertheless, there 
are products that are used to modify the fermentation to achieve specific results (see 
also Chapter 8). 

The use of antibiotics and probiotics was discussed above. Other rumen modifiers 
include buffers, methane inhibitors and bloat-preventing substances. 

Buffers are included in ruminant diets to regulate rumen pH to levels that favour 
the activity of cellulolytic organisms (pH 6-7). Diets rich in readily fermentable car- 
bohydrate create acidic conditions and increase lactic acid formation, both of which 
are detrimental to the cellulolytic bacteria. This reduces food intake and predisposes 
the animal to acidosis. Secondary problems include reduced milk fat production, 
rumenitis, ketosis, laminitis and liver abscesses. Chemicals such as sodium bicarbon- 
ate, sodium carbonate, calcium carbonate and magnesium oxide buffer the hydrogen 
ions and increase the dilution rate of the liquids in the rumen. This increases the effi- 
ciency of microbial protein synthesis and, as a result of the shorter retention time, 
allows starch and protein to escape to the intestines. The activity of cellulolytic bac- 
teria and the proportion of acetate in the rumen volatile fatty acids are increased. In 
the USA it has become common to add up to 200 g NaHCO3/day, and sometimes 
also MgO, to the rations of cows in early lactation. It has been suggested that, since 
bicarbonate buffers are expended once the CO, is released, it would be advanta- 
geous to use certain clays and bentonites that contain insoluble and hence undegrad- 
able anions and would allow the buffering action to be carried further down the 
digestive tract. 

Antibiotics such as virginiamycin and monensin have been used to select against 
bacteria that produce lactic acid. Certain probiotics encourage the uptake of lactic 
acid (see above). 

The production of methane in the rumen is a wasteful process (up to 10 per cent 
of the gross energy) and contributes to the earth’s greenhouse gases. The use of addi- 
tives to suppress methane production is discussed in Chapter 8 (see p. 188). 

Under normal conditions, rumen fermentation produces gases that, by the action of 
ruminal and reticular contractions, accumulate in the area known as the cardia, from 
which they are passed up the oesophagus in the process of eructation. Bloat occurs if the 
gas becomes trapped and the animal is not able to clear it. Rumen stasis due to acidosis 
is one of the causes of free gas bloat, but on certain pastures, particularly those rich in 
legumes, and on high-concentrate (feedlot) diets, the fermentation process in the rumen 
can result in rumen gases being trapped within fluid bubbles. Therefore, the gas cannot 
be eructated as normal and pressure builds up in the rumen. The condition is known as 
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frothy bloat. In the case of legume bloat, the frothing is due to chemicals associated with 
the plant. With high-concentrate diets, the normal function of the rumen is disrupted by 
the rapid accumulation of fermentation acids and the release of bacterial mucopolysac- 
charides during cell lysis, which result in increased viscosity of the rumen fluid and the 
formation of the stable foam. In the case of pasture bloat, there are management prac- 
tices (e.g. feeding hay or straw before turning cattle on to grass/clover pastures so that 
they are not hungry, not turning animals on to wet, immature pasture and avoiding inter- 
mittent grazing) to reduce its incidence, but often these are insufficient. Antibiotics have 
been used to change the end products of fermentation in order to produce fewer froth- 
forming materials. However, specific antifoaming agents are more commonly used. These 
reduce the surface tension of the rumen fluid, preventing the formation of the stable 
foam. Vegetable oils (especially linseed oil), lecithin, animal fats, mineral oils, detergents 
(pluronics) and the synthetic polymer poloxalene fall into this category of agent. The 
additive alkylarylsulphonate prevents the release of pectin derivatives, which cause 
frothing. The main problem with such additives is the maintenance of an adequate con- 
centration in the rumen, since liquids quickly pass through. Spraying the forage with oil 
has proved successful. In New Zealand, a product containing pluronic detergents and 
alcohol ethoxylate is used for pasture bloat, but its effectiveness, and that of other pas- 
ture bloat remedies, for feedlot bloat is not known. For the latter type of bloat, the effec- 
tiveness of the ionophore antibiotics has been partially attributed to the lower absolute 
amount and daily variation of food intake. The addition of sodium chloride at 40 g/kg 
diet DM has been suggested as a preventive measure, as this increases the rate of passage 
of fluids from the rumen, but it also depresses food intake. 


1. 
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Food additives are administered to the animal 
to improve the effectiveness of nutrients. 


. Antibiotics reduce the number of bacteria in 


the gut and increase the availability of nutri- 
ents to the animal. The widespread use of an- 
tibiotics has resulted in populations of bacteria 
that are resistant to many antibiotics, and in 
several countries their use for growth promo- 
tion is restricted or forbidden. 


. Probiotics are live microbial supplements that 


benefit the animal by improving the intestinal 

microbial balance. The beneficial microorgan- 

isms displace pathogenic bacteria and produce 
enzymes that complement the digestive ability 
of the host. 


. Oligosaccharides may be fermented by favour- 


able bacteria, thereby shifting the population 
towards such microorganisms and away from 
harmful species. They also interfere with the 


attachment of harmful bacteria to the gut wall. 


. Exogenous enzymes are added to the animal's 


food to supplement its own digestive enzymes 
and to break down antinutritive fractions in 
foods. 


. The diets of young pigs may include organic 


acids, which reduce gut pH, with beneficial 
effects on protein digestion and control of the 
gut microflora. 


. Spray-dried plasma is a palatable source of 


digestible amino acids for newly weaned 
piglets. Its immunoglobulin content enhances 
gut health. 


. Products that are used to modify rumen fer- 


mentation include buffers, which regulate 
rumen pH and favour the activity of cellulolytic 
bacteria, compounds to suppress methane pro- 
duction, and bloat-preventing compounds, 
which prevent the build-up of gas trapped in 
foam in the rumen fluid. 


Further reading 


QUESTIONS 


24.1 Compare and contrast the actions of antibiotics and probiotics as growth 
promoters. 


24.2 The use of antibiotics as growth promoters has been curtailed in some coun- 
tries. Discuss the measures that can be taken in diet formulation and the use of 
alternative food additives to ensure efficient animal production. 
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Animal products and human nutrition 


The final part of this book consists of one chapter and moves away from considerations of the 
animal to the consumers of animal products. 


The purpose of farming animals is to produce food (milk, meat, eggs), materials (wool, hide) 
and work (draught) that are of use to man. Chapter 25 describes the trends in consumption 
and nutrient contribution from animal products and then considers aspects of animal produc- 
tion that have an influence on the environment and human health. 


Animal nutrition and the 
consumers of animal products 


25.1 Comparative nutrition 

25.2 The contribution of animal products to human requirements 
25.3 Objections to the use of animal products 

25.4 Future trends in the consumption of animal products 


Animal products — meat (including fish), milk, milk products and eggs - are used princi- 
pally as food for man, although some may also be used to feed other animals. In devel- 
oped countries, the by-products of the meat industry are used to feed companion 
animals (cats and dogs) and may also be incorporated in the diets of farm animals (e.g. 
as meat and bone meal). Milk by-products are used to make milk replacers for young 
animals reared away from their dams. In this chapter, we review the use of animal prod- 
ucts as food for man and companion animals; their use for feeding farm animals is dis- 
cussed in Chapter 24. 


25.1 COMPARATIVE NUTRITION 


The nutrient requirements of farm animals have been discussed in earlier chapters. 
Here, some selected values from these chapters are compared with the nutrient re- 
quirements of human beings and their companion, the dog. Table 25.1 summarises 
the requirements of 30 kg growing individuals of the species, sheep, pig, dog and 
man, and Table 25.2 gives values for three of these species in a state of maintenance. 


BOX 25.1 Alternative uses of animals 


Although animals are used mainly as sources of food, it is well to remember that they also provide 
other benefits for man. Skins, wool and hair are utilised to make clothing and other fabrics, such as 
carpets. In many countries, animals are much used for draught purposes, to carry loads and pull farm 


machinery. As the alternatives to these uses are derived mainly from fossil fuels, there are clear incen- 
tives to maintain an interest in these animal products. Animals are also used to provide vaccines and 
other medical products for man; the range of these products is currently being extended by the appli- 
cation of genetic engineering. 
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Table 25.1 Comparative nutrient requirements of man and some domestic animals 
for growing animals of 30 kg liveweight? 


Species Man? Dog? Pigs Sheep? 
Energy (MJ/day) 9 15 21 10 
Protein (g/day) 40 250 300 180 
Lysine (g/day) 2 8 17 _ 
Methionine + cystine (g/day) 0.8 5 8 _ 
Calcium (g/day) 0.70 10 11 3.4 
Phosphorus (g/day) 0.65 8 8 5 
Copper (mg/day) 1.0 7 9 4 
Thiamin (mg/day) 0.9 1.0 3.0 = 
Riboflavin (mg/day) 1.2 2.2 4.5 = 
Vitamin A (iu/day) 1500 5000 6000 1200 
Vitamin D (iu/day) 400 500 1200 200 


aMainly UK estimated average requirements or recommended dietary allowances: averages 
for males and females (Garrow J S, James W P T and Ralph A (eds) 2000 Human Nutrition 
and Dietetics, 10th edn, Edinburgh, Churchill Livingstone). 


bAmerican Association of Feed Control Officials. 
SAppendix 2, mainly Table A.2.9.1 and A.2.9.2 (1.5 kg of food per day). 
Appendix 2, Tables A.2.7.1 and A.2.7.2 (150 g/day of liveweight gain). 


Table 25.2 Comparative nutrient requirements of man and some domestic animals 
for animals maintained at 50 kg liveweight? 


Species Man? Dog‘ Sheep 
Energy (MJ/day) 9 8.4 6.5 
Protein (g/day) 40 48 100 
Lysine (g/day) 3.6 3.6 _ 
Methionine + cystine (g/day) 0.8 2.5 _ 
Calcium (g/day) 0.70 3.4 1.2 
Phosphorus (g/day) 0.55 2.9 1.2 
Copper (mg/day) 1.2 4.2 3 
Thiamin (mg/day) 0.9 0.6 = 
Riboflavin (mg/day) 1.2 1.3 _ 
Vitamin A (iu/day) 1500 2 850 1200 
Vitamin D (iu/day) 200 285 200 


Pigs are not included in this table because they are not normally maintained at 50 kg 
liveweight. 


b, & dSee Table 25.1 for comparative sources. 


For growing animals (see Table 25.1), requirements vary markedly between 
species, with fast-growing species having greater requirements. For example, the 
fast-growing pig needs 6-7 times as much protein and 15-20 times as much calcium 
per day as a teenage human being of the same weight. The requirements of the grow- 
ing dog are also high, while those of the slower-growing sheep are intermediate to 
those of the pig and humans. For adult animals requiring nutrients for maintenance 
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only (see Table 25.2), requirements are again generally higher for the domestic ani- 
mals than for man, but the differences are smaller than for growing animals. Indeed, 
Íor energy, man's requirement for maintenance is greater than that of the other 
species. 

These figures demonstrate that although human beings tend to be concerned with 
their nutrient intakes, their domestic animals have relatively greater needs for nutri- 
ents, especially if they are to grow or produce rapidly. 


THE CONTRIBUTION OF ANIMAL PRODUCTS TO HUMAN 
REQUIREMENTS 


After comparing the nutrient requirements of man with those of domestic animals, 
we must now assess the quantities of nutrients supplied by the latter species to 
human diets. The contribution of animal products to world food supplies is sum- 
marised in Table 25.3. In total, animal products provide about one-sixth of energy 
supplies and one-third of protein supplies; meat is the major contributor, followed 
by milk and milk products. The figures for individual countries differ considerably 
from the world averages (Table 25.4). Thus, in North America and most European 
countries, meat consumption is 30-40 times greater than in the countries of Africa 
and the Indian subcontinent, although for India the discrepancy for milk consump- 
tion is not as great. 

When the figures in Tables 25.3 and 25.4 are translated into nutrient intakes for indi- 
vidual countries, they show that there are substantial departures from the world aver- 
ages of about 2.0 MJ of energy and 29 g of protein per person per day (Table 25.5). In 
the developed countries of Europe and North America, and also in pastoral countries 
(Australia and Argentina), animal products supply about 4 MJ of energy per day, or 
about one-third of total energy intake. Their contribution of protein is about 70 g per day, 


Table 25.3 Contribution of various food groups to world food supplies (FAO) 


Food group Energy (%) Protein (%) 
Cereals 47 43 
Roots, tubers and pulses 7 10 
Nuts, oils, vegetable fats 10 4 
Sugar and sugar products 8 2 
Vegetables and fruits 6 7 
All plant products 78 66 
Meat 8 15 
Eggs 1 2 
Fish 1 5 
Milk 5 11 
Other 1 1 
Animal fats 2 0 
All animal products 18 34 
Other foods 5 0 
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Table 25.4 Meat and milk consumption in selected 
countries (kg/head/year) (FAO) 


Country or region Meat Milk 
USA 125.6 257.6 
Argentina 86.1 164.2 
France 93.4 290.2 
UK 84.3 243.5 
Burundi 3.7 3.6 
Bangladesh 3:3) 15.0 
India 5.7 63.5 
Sri Lanka 6.9 32.8 


Table 25.5 Contribution of animal products to human diets (FAO, 2008) 


Energy (MJ/day) Protein (g/day) 
Meat and Milk and Animal Total Total animal? 
offal eggs fats animal 
World 0.96 0.60 0.25 1.81 29 
France 2.07 1.69 1.12 4.88 74 
Spain 1.89 1.27 0.30 3.46 70 
UK 1.96 1.52 0.64 4.12 59 
USA 1.92 1.71 0.46 4.09 74 
Australia 2.12 1.15 0.96 4.23 70 
Argentina 2.12 1.01 0.30 3.43 57 
China 1.96 0.48 0.19 2.63 37 
Japan 0.74 0.72 0.15 1.61 51 
India 0.09 0.31 0.24 0.64 10 
Kenya 0.33 0.60 0.03 0.96 15 
Nigeria 0.15 0.08 0.02 0.25 8 


Includes fish. 


which is greater than man’s total requirements. However, there are differences between 
countries in the proportions of the three categories of animal products. For example, 
the USA, despite its substantial dairy industry, has reduced its consumption of animal 
fats (i.e. butter). Butter consumption in Spain is low because of the use of olive oil. In 
China, energy intake from meat is relatively high, but protein intake is relatively low be- 
cause the meat eaten is mainly fat pork. In contrast, Japan has a low energy intake from 
animal products, but protein intake is high because the figure of 51 g per day includes 
fish. In India, animal products supply only 0.64 MJ and 10 g of protein per day (or, re- 
spectively, 6 and 15 per cent of total intakes), whereas in the USA, the corresponding 
figures are 26 and 64 per cent. In Nigeria (and in many of the countries of West and 
Central Africa), the contributions of animal products are very small. In Kenya, they are 
greater because there is more pastoral agriculture. 

The main factor determining the intake of animal products is the wealth of the 
human population, but this factor is modulated by additional factors, especially the 
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availability of alternative sources of food and the religious beliefs and social customs 
of consumers. Thus, there are parts of the world, such as arctic and desert areas, 
where crop production is not feasible and the human population is largely depend- 
ent on animals for a protein supply. In arctic areas, Eskimos eat fish and eat other an- 
imals that also live on fish. In desert areas, nomadic people survive on the products 
of animals such as the camel, which can live on the sparse natural vegetation. 

The consumption of pig meat is prohibited by several of the major religious 
groups (Muslims, Jews and Hindus), who regard pigs as ‘unclean’ animals, probably 
because of their ability to infect man with certain parasites (discussed later). 
Hindus and many Muslims do not eat beef. However, sheep meat and chicken are 
not commonly proscribed, except by people who choose to be vegetarians. The con- 
sumption of milk, milk products and eggs is subject to fewer religious and social 
restrictions, although the extreme vegetarians known as vegans exclude these from 
their diets. In many parts of the world, fresh milk is not consumed by adults, who 
then lose the ability to secrete the digestive enzyme lactase and hence to digest lac- 
tose. They are said to be ‘lactose-intolerant’; if they subsequently ingest foods con- 
taining lactose, it is fermented in the large intestine and causes a digestive upset. 
These restrictions clearly influence the global and national patterns of consumption 
of animal products that are illustrated in Table 25.5. For example, in India, where pig 
meat and beef are generally not eaten, meat consumption is very low and milk, milk 
products and eggs supply a high proportion of animal protein intake. In the USA, 
which has a wealthy population whose eating habits are not so much determined by 
religious beliefs, both meat and milk are consumed in large amounts. 

Within the world’s poorer, developing countries, there is a close relationship be- 
tween social class (i.e. wealth) and the consumption of animal products, with the 
consumption patterns of richer people approaching those of the developed coun- 
tries. In the developed countries, however, this relationship is much less marked, as 
even poorer people can afford meat and milk products. Table 25.6 illustrates the con- 
sumption pattern for social classes in Britain and shows that the differences between 
classes are very small. The type of meat consumed may vary between social classes, 
however, with richer people eating more steaks and fewer hamburgers, hence more 
protein and less fat. Richer people also consume more meat outside their homes 
(ca. 10 per cent). Milk consumption tends to decline as income increases. Statistics 
from the same source as those in Table 25.6 show that older people eat more meat 
than do young people, the greatest difference being between those under 30 years of 
age (909 g/head/week) and those aged 50-65 years (1342 g). 

In developed countries, the patterns of consumption of animal products are liable 
to become ever more confused by the growing awareness of consumers of moral 


Table 25.6 Effect of income on the consumption of meat and milk 
in the UK (g/head/week) 


Gross weekly income of head of household (£) 
0-214 215-383 384-623 624-938 >938 


Meat 1114 1134 1143 1152 1126 
Milk 2283 2210 2024 1908 1809 


Department for Environment, Food and Rural Affairs 2006 Family Food: Report on 
the Expenditure and Food Survey. © Crown copyright. Reproduced by permission of 
the Controller of Her Majesty's Stationery Office. 
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objections to, and possible health risks from, such foods. In Britain, vegetarians are 
thought to form only about 7 per cent of the population, but there are additional cat- 
egories oÍ people who claim to eat only a little meat or to eat only white meats 
(chicken and possibly pork) and not red meat (beef and lamb). Others reject the 
white meats because they dislike the intensive farming methods used to produce 
them. Concern for human health, which is discussed later, centres on the avoidance 
of the saturated fats found in many animal products. 

Over the world as a whole, as people and countries get richer, they tend to increase 
their consumption of animal products, but this eventually reaches a plateau. The level of 
the plateau is not necessarily the same for all: thus, meat consumption in Britain and in 
Europe seems to have levelled off at 80-90 kg per head per year, whereas the average 
figure for the USA is 115 kg. Consumer preference for animal products may be based 
partly on their supposed superior nutritional value but is probably determined more 
strongly by their organoleptic characteristics (i.e. their taste and texture). Wholly veg- 
etable diets are often thought of as bland and unexciting, and meat and other animal 
products are used to add variety. Improved methods of preservation of animal products, 
such as refrigeration, heat processing, canning and vacuum sealing, have made it easier 
for people to enjoy a continuous supply of these products. However, the improved 
availability of foods in general also means that people can experiment with exotic 
ingredients and culinary techniques that — like animal products — add variety to their 
diet. Thus, people eventually reach a point on the scale of affluence at which they no 
longer need or desire to increase their consumption of animal products. 

The phrase ‘need or desire . . . animal products’ introduces the question of their es- 
sentiality in human nutrition. Do we really need these foods or do we just like or pre- 
fer them? The continuing successful existence of vegetarians, and — more particularly — 
vegans demonstrates the non-essentiality of animal products for man; all the nutrients 
required by man can be met by foods not of animal origin. There are, however, several 
major nutritional advantages in meeting man’s requirements partly from animal rather 
than entirely from plant sources. The first is that animal products supply nutrients in 
proportions closer to those required by man. This is best illustrated by the essential 
amino acids. Table 25.1 shows that a growing child requires 2 g of lysine and 40 g of 
total protein a day, a ratio of 5 g lysine per 100 g protein. For rice and wheat proteins, 
the lysine/protein ratio is much lower (2.8 and 3.1, respectively), and so these cereals 
need to be balanced in the diet by a lysine-rich protein source. A good-quality plant 
protein such as that of the soya bean has a lysine/protein ratio of 6.4, but animal pro- 
teins in milk and beef have even more favourable ratios of 8.2 and 9.1, respectively. 
Thus, animal proteins are valuable for supplementing the proteins of staple foods such 
as cereals by supplying lysine and other essential amino acids, and this is particularly 
important for growing children, for whom amino acid requirements are most critical. If 
lysine requirements have to be met with cereal proteins, then protein intake has to be 
high and much of it is wasted. 

There is one essential nutrient, vitamin B12 (cyanocobalamin), which is synthesised 
by microorganisms and present in animal products but virtually absent from plant- 
derived foods. Vegans in particular have to ensure that they have a supply of this nutri- 
ent from a supplementary source such as yeast (see Chapter 5). Animal products are 
also good sources of other vitamins, especially vitamin A, thiamin, riboflavin and niacin. 

Another advantage of animal-derived foods for man is that their nutrients are more 
accessible for digestion than those of plant-derived foods. Plant cell walls impede 
digestion in the stomach and small intestine, and although they may be digested in 
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the large intestine, the consequent release of nutrients may be too late to allow effi- 
cient absorption. Some minerals in plant tissues are bound in compounds that resist 
digestion, an example being phosphorus in phytates (see pp. 115 and 602). Animal 
products are good sources of the minerals iron, calcium and zinc. 


OBJECTIONS TO THE USE OF ANIMAL PRODUCTS 


Ethical and environmental objections 


Objections to the use of animals to feed human beings arise first from ethical consid- 
erations, a full discussion of which is beyond the scope of this book. The primary 
argument, in brief, is that man have no right to exploit other animal species. The ob- 
jections to using animals are lessened if they are not killed (i.e. kept for milk or egg 
production) and increased if they are kept under unnatural and perhaps harmful con- 
ditions. A second type of ethical argument is that plant-derived foods should not be 
diverted to animal feeding when they could be used directly to feed human popula- 
tions that may be short of food. Until quite recently (e.g. the nineteenth century in 
Britain and other early developing countries), this argument did not apply because 
farm animals were used as scavengers to convert plants and plant by-products inedi- 
ble by man into human foods. Some land areas can be used to grow forages but not 
food crops, and the world’s crop by-products contribute today about 500 Mt of dry 
matter per year as animal feeds. The argument against animal-derived foods has gath- 
ered force, however, with the increasing use of cereal and other grain crops for animal 
feeding. In developed countries, other than those with a predominantly pastoral agri- 
culture, around 70 per cent of the cereals grown are used to feed livestock, and even 
in developing countries (including those with food shortages) considerable areas of 
land are used to grow crops for animal feeding. Over the world as a whole, cereal 
usage as animal feed amounts to 115 kg per person per year; the range across coun- 
tries is from 4 kg in India and sub-Saharan Africa to 600 kg in the USA. 

Objections to the use of animals to provide human food are also made on envi- 
ronmental grounds. Overgrazing can destroy plant communities, demand for addi- 
tional grazing can cause deforestation, the excreta of intensively kept livestock cause 
pollution problems, and methane from ruminants contributes to global warming. 
These raise complex issues that cannot be explored fully in this book. 

The direct nutritional objections to animal-derived foods arise mainly from two 
sources. First, farm animals may harbour organisms such as pathogenic bacteria and in- 
testinal parasites that may be transmissible to man through the consumption of animal 
products. Second, some of the supposedly valuable nutrients in animal products - fats, 
in particular — have been implicated in the causation of certain diseases of man. 


Nutrition and human health 


The Merck Veterinary Manual lists 150 diseases transmissible from animals to man 
(known collectively as zoonoses), but the majority of these are transferred by con- 
tact or bites or are carried by wild animals. The food-borne diseases of man that 
arise from farm animals form a relatively small, but nevertheless important, group 
and are summarised in Box 25.2. The infection of man with these diseases can 
be minimised by various means, the first of which involves their restriction in, or 
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elimination from, animals. One example is the regular use of anthelmintics to restrict 
intestinal parasites, and another is the slaughter of infected stock to restrict or erad- 
icate bovine tuberculosis. The milk-borne disease tuberculosis also provides an ex- 
ample of another means of controlling infection, this being the treatment of animal 
products before they are consumed. The pasteurisation (heat treatment) of milk is 
designed to kill tuberculosis bacilli and other bacteria. Attention to hygiene in 
slaughterhouses and food stores, and appropriate cooking of meat, are also impor- 
tant in the control of zoonoses. 

Antibiotics in feeds (see Chapter 24) have been used in intensive livestock sys- 
tems to restrict infections, but their routine administration is now prohibited or dis- 
couraged because of the danger of producing antibiotic-resistant organisms. 

Of the diseases listed, those regarded today as being the most important in 
developed countries are the enteric infections from Campylobacter, E. coli and 
Salmonella organisms. Although cases of food poisoning have always occurred, 
people today are now less tolerant of them, both mentally (food is expected to be 
safe) and perhaps physically (as a generally cleaner environment has prevented the 
development of resistance to the organisms responsible). 

Not listed in Box 25.2 is the zoonosis arising from bovine spongiform en- 
cephalopathy (BSE), or ‘mad cow disease’. There is no conclusive evidence that the 
transmissible spongiform encephalopathies of man are acquired from animals, but the 
occurrence of so-called ‘new variant’ Creutzfeld—Jakob disease in man that has coin- 
cided with an epidemic of mad cow disease in cattle and related species has led to the 


BOX 25.2 Some important diseases transmissible in food from farm animals to man 


Disease and causative organism Farm animals involved 


Bacteria 
Brucellosis (undulant fever) Brucella abortus Cattle 
B. melitensis Goats, sheep 
Campylobacter enteritis Campylobacter spp. All farm animals 
Clostridial diseases Clostridium botulinum Domestic animals 
C. perfringens 
Coliform infections Escherichia coli Poultry, pigs and cattle 
Listeriosis Listeria monocytogenes All farm animals 
Salmonellosis Salmonella spp. Poultry, pigs, cattle and horses 
Tuberculosis Mycobacterium bovis Cattle 


Protozoa 
Sarcocytosis (cyst formation) Sarcocystis suihominis Pigs and cattle 
Cryptosporidiosis (diarrhoea) Cryptosporidium parvum Cattle 

Cestodes, trematodes and nematodes 
Fascioliasis (liver fluke) Fasciola hepatica Cattle and sheep 
Tapeworms Echinococcus and Taenia spp. Cattle, sheep and pigs 
Trichinosis (cyst formation) Trichinella spiralis Pigs 


Source: The Merck Veterinary Manual, 9th edn, 2008, Whitehouse Station, NJ, Merck and Co. 
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introduction of special control measures to prevent the transmission of BSE from cat- 
tle to man, and also to eradicate it from domestic animals (see also Chapter 23). 

The chief chemical constituents of animal products that are implicated in diseases 
of man are fats in general and saturated fatty acids in particular. The diseases with 
which they are associated are those of the circulatory system that are characterised 
by damage to the arterial walls (atherogenesis) and the formation of blood clots 
(thrombogenesis). When arteries are damaged, fibrous plaques containing lipids are 
formed, and these may break away to form clots. If clots form in the blood vessels 
and impede the blood supply to the heart muscle, they cause what is commonly 
called ‘a coronary’ (i.e. coronary heart disease); if they block the vessels supplying 
the brain, they cause stroke; if they block the vessels of the lungs, they cause pul- 
monary embolism. These conditions are frequently fatal; if the patient survives, he or 
she may then be severely disabled. Similar conditions can be caused by the rupture 
of damaged blood vessels. 

The link between fatty deposits in the circulatory system and dietary fats is the 
lipid transport system that employs lipoproteins (see Chapter 3 and 9). The lipopro- 
teins occur in various forms, which are defined by their density (see Table 3.6, 
p. 48), and the concentrations of these forms in blood are used to assess the risk of 
heart attacks and strokes. High-risk factors are high concentrations of low-density 
lipoproteins (LDL) and very low-density lipoproteins (VLDL). Conversely, high con- 
centrations of high-density lipoproteins (HDL) indicate a low risk. A high concentra- 
tion of blood cholesterol, which is a constituent of lipoproteins, is also regarded as 
a high-risk indicator. The significance of these indicators is a matter of continuing 
research and debate. Thus, some authorities consider cholesterol level to be a poor 
indicator. LDL are now thought to be dangerous when present as small particles, a 
state characterised by a raised concentration of triacylglycerols. 

As mentioned earlier, saturated fatty acids (SFA) of foods are regarded as the 
cause of a high-risk pattern of blood lipoproteins; octadecanoic (stearic, Cig) acid 
and tetradecanoic (myristic, C14) acid and also all trans acids are considered to be 
the most damaging. With increasing consumption of SFA, blood levels of cholesterol 
and LDL are raised. Conversely, the polyunsaturated fatty acids (PUFA) are judged 
to be beneficial, although the various families of PUFA differ in their effects; the 
n-6 PUFA (which occur mainly in plant lipids) reduce the blood concentration of 
LDL, and the n-3 PUFA (from fish lipids) reduce VLDL. It is considered desirable to 
have a balance in the diet of 1-6 to n-3 PUFA: the recommended maximum ratio is 
4:1. In between the SFA and PUFA are the monounsaturated fatty acids (MUFA), 
such as octadecenoic (oleic, 18 : 1) acid, which are regarded as neutral or possibly 
beneficial to blood lipoproteins. 

As the association between lipid consumption and cardiovascular disease has 
been exposed and explored, many countries have produced nutritional guidelines 
that are intended to encourage people to reduce their intake of fat and especially of 
SFA. A common recommendation is that fat should provide no more than 30 per 
cent of total energy intake, and that this fat should be divided equally among SFA, 
MUFA and PUFA (i.e. each supplying 10 per cent of energy intake). A less extreme 
proposal is that the ratio of PUFA to SFA (called the P/S ratio) should be 0.5-0.8. 

In Britain, fat intake fell over the period 1990-2000 but has since stabilised at 
about 38 per cent of energy intake, with a P/S ratio of 0.47, and so further changes 
are needed to meet the guidelines. The USA and many other affluent countries have 
similar levels of fat consumption. Although consumers can and do reduce their total 
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BOX 25.3 Evidence for the association between dietary lipids and cardiovascular 
disease in man 


The evidence comes mainly from the analysis of statistics for cardiovascular disease and diet compo- 
sition obtained either from national populations or from smaller groups within countries. In addition 
to these retrospective studies, there have also been prospective investigations in which the diet and 
health of selected groups of people have been studied for long periods. Finally, there have been some 
intervention trials in which the diets of groups of people have been altered — for example, by reduc- 
ing lipid consumption — and the consequences determined by comparing their health with that of 
control groups. Laboratory animals do not provide a satisfactory model for cardiovascular disease; 
closely controlled experimentation is therefore difficult, although pigs are used in some studies. 

A common finding from the retrospective studies has been that communities with a high intake of 
SFA (e.g. SFA providing 15-25 per cent of energy intake) have a high incidence of coronary heart dis- 
ease (CHD). Nevertheless, there are anomalies in the data, the most commonly quoted being the 
higher incidence of CHD in Britain than in France despite very similar intakes of lipid and SFA. A 
comparison of vegetarians and meat eaters in Britain showed that the former had lower levels of blood 
cholesterol (4.88 mmol/l v. 5.31 mmol/l) and were 24 per cent less likely to die from CHD. Over the 
quarter-century that has passed since dietary fat was first linked to CHD, many developed countries 
have shown a fall in the incidence of CHD. On the other hand, the richer inhabitants of developing 
countries, who can afford the fat-rich diets of developed countries, are now experiencing CHD. 


intake of fat, they have more difficulty in modifying the proportions in their diet of 
the three main types of fatty acids. Only plant lipids have the 10: 10: 10 ratio sug- 
gested above. The fats of terrestrial animals have a predominance of saturated fatty 
acids. Thus, in milk fat the ratio SFA : MUFA : PUFA is 8.5 : 3.3: 0.3, and in meat it 
is 8.3: 8.3: 2.0. 

The figures given above demonstrate the difficulty — perhaps even the impossibil- 
ity — of meeting the guidelines for fat consumption with a diet containing a high pro- 
portion of animal products. The preferred strategy of those who wish to meet the 
guidelines seems to be a reduction in intake of animal fat but no reduction in con- 
sumption of the other constituents of animal products. In other words, people tend 
to maintain their consumption of meat and milk (and their derivatives), but to select 
against the fat in these foods. Selection can be exercised by switching from high-fat 
meat to that containing less fat in total and less SFA in particular; this is one reason 
for the continuing replacement of beef by chicken. Fat may be trimmed from joints 
of meat and replaced as a cooking aid by vegetable oils. Much of the milk consumed 
in liquid form has its fat content reduced to around 20 g/kg (i.e. half the ‘natural’ 
content); in Britain, fat-reduced milks account for more than 50 per cent of liquid 
consumption. Of milk products, butter has to a large extent been replaced by spreads 
based on vegetable oils (although all the milk fat produced in Britain is still con- 
sumed in some form or another). 

Animal nutritionists, in association with animal breeders, have responded to the 
challenge of maintaining the acceptability of animal-derived foods by modifying their 
lipid constituents. As discussed earlier (see Chapter 14), animals are selected for lean- 
ness, are fed to give maximal growth of muscle, and are slaughtered when immature 
(and hence have less fat). With pigs and poultry, it is possible to modify the constitution 
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of body fats via their diet; for example, the proportions of n-3 and n-6 PUFA can be 
changed. Ruminants tend to deposit saturated fat because the unsaturated lipids of 
their plant diet are hydrogenated in the rumen (see Chapter 8). The fat content of 
cow’s milk can be reduced by feeding the cow on an extreme type of diet (typically, a 
diet low in fibre), but the reduction is achieved only by upsetting the normal metabo- 
lism of the animal (see Chapter 16). This raises the question of whether it is morally ac- 
ceptable to disadvantage the animal in order to meet the perceived needs of its 
consumer. Pigs selected to be ultralean have metabolic problems, and all pigs rely on 
subcutaneous fat to provide insulation against a cold environment. 

For the past 10-15 years there has been much interest in modifying the fatty 
acid composition of meat and milk fats. There are two objectives, the first of which 
is to increase the proportions of the long-chain polyunsaturated fatty acids 
(PUFA), specifically eicosopentaenoic acid (EPA) and docosohexaenoic (DHA) 
acid, which are considered to have special benefits to human health. This objective 
can be achieved by increasing the proportion in dietary lipids of alpha linolenic 
acid (LNA), which is the precursor of EPA and DHA. Changing the diet of rumi- 
nants from conserved forages and concentrates to fresh forages (e.g. grazed grasses 
and clovers) increases the intake of LNA and, despite rumen hydrogenation of 
PUFA, this increases the proportion of long-chain PUFA in meat and milk fats, and 
also lowers the n-6 : n-3 ratio. The second objective is to bring about a more gen- 
eral increase in PUFA so that the P/S ratio of milk and meat fats is brought closer 
to the target value of 0.5-0.8 suggested earlier. This is much more difficult to 
achieve than the first objective because of the larger quantities of PUFA involved. 
With non-ruminants, some change in the P/S ratio can be achieved by dietary ma- 
nipulation. With ruminants, however, it is generally necessary to provide specific 
supplements of PUFA and to give them in a form that protects them from hydro- 
genation in the rumen. 

The World Cancer Research Fund has conducted a comprehensive review of the 
causes of cancer (see Further reading). It concludes that red meats (i.e. beef, lamb and 
pig meat) increase the risk to consumers of contracting colorectal cancer; red meats are 
also associated — although less certainly — with other cancers (e.g. of the lung and pan- 
creas). The risk is increased if the meat is processed, for example by smoking, or is 
cooked at very high temperature (which gives rise to carcinogens such as heterocyclic 
aromatic amines). The review recommends that the average consumption of red meat 
by a population should not exceed 450 g of fresh meat (300 g when cooked) per per- 
son per week (i.e. 23 kg fresh meat per year). For an individual consumer, the limit 
should be 700 g fresh meat per week (36 kg per year). These figures may be compared 
with the world average consumption of about 25 kg of red meat per head per year, and 
contrasted with the average for developed countries of about 55 kg. Figures from the 
review suggest that increasing red meat consumption from 25 kg to 55 kg per year 
would increase the risk of colorectal cancer by about 25 per cent. Although these 
recommendations come from an authoritative source, the association between meat 
consumption and cancer continues to be controversial (see Further reading). 

The place of animal fats — and particularly the fats of ruminants — in the diet of 
man has been given a new dimension by the discovery that one particular fatty acid, 
known popularly as conjugated linoleic acid (CLA) or more precisely as cis-9, 
trans-11 octadecadienoic acid, has a beneficial role in the body. This acid has been 
shown to be antiatherogenic and anticarcinogenic, and also to limit obesity and 
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25.4 


stimulate immune function. The CLA is produced in the rumen as an intermediate in 
the bacterial hydrogenation of unsaturated fatty acids present in the diet (hence its al- 
ternative name of rumenic acid), but it may also be synthesised in animal tissues. It is 
therefore present in both milk and meat from ruminants. Ruminants given foods that 
contain relatively high concentrations of unsaturated fatty acids, such as young pas- 
ture herbage, produce fats with particularly high contents of CLA. 


FUTURE TRENDS IN THE CONSUMPTION OF ANIMAL 
PRODUCTS 


Despite the arguments advanced against meat consumption — on ethical, environ- 
mental and health grounds — world demand for all types of meat is predicted to 
increase steadily over the next 20 years (Table 25.7). For meat in total, consump- 
tion per person per year in the developed countries is predicted to continue to 
rise slowly, by 0.2 per cent per year, but for the developing countries the corres- 
ponding figure is much greater, at 1.6 per cent per year. World demand on an 
absolute basis (i.e. allowing for population growth) is predicted to increase more 
rapidly, by 0.6 per cent per year in developed countries and by 4.1 per cent per 
year in developing countries. There are some interesting differences in the projec- 
tions for individual animal species; for example, the demand for and production 
of pig meat in the developed countries is predicted to grow more slowly than that 
for poultry meat. 

It is possible that the arguments against the consumption of meat have yet to 
make their full impact on consumers. However, it has been calculated that if con- 
sumers in the developed countries (i.e. those most likely to be influenced by anti- 
meat arguments) were to reduce their meat consumption by half over the interval 
1993-2020, then world demand for meat would still increase, by about 1.5 per cent 
per year. Moreover, additional projections show that because of the adverse eco- 
nomic effects on world agriculture of a reduced demand for meat in the developed 
countries, the partial switch from animal to vegetable foods would not increase the 
world supply of food per person per day by any significant amount. 


Table 25.7 Current and future demand for meat in the world and selected subunits (kg/head/year) 


Meat Developed Developing Sub-Saharan 
World countries countries China India Africa 
1993/2020 1993/2020 1993/2020 1993/2020 1993/2020 1993/2020 
Beef 9.8/10.7 25.2/25.8 5.2/7.4 2.1/4.4 2.6/4.0 4.1/5.5 
Pig 13.7/15.8 29.4/29.4 9.0/12.8 24.5/43.1 0.4/0.7 1.2/1.5 
Sheep and goat 1.8/2.1 2.8/3.2 1.5/1.9 1.2/1.4 0.7/0.8 1.6/1.8 
Poultry 8.5/10.7 20.3/24.7 5.0/7.7 5.0/10.7 0.5/0.9 1.9/2.4 
All 33.9/39.3 77.7/83.0 20.8/29.7 32.8/59.6 4.3/6.5 8.8/11.1 


Adapted from Rosegrant M W, Leach N and Gerpacio R V 1999 Alternative futures for world cereal and meat consumption. 
Proceedings of the Nutrition Society 58: 219-34. 
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SUMMARY 


1. The nutrient requirements of man may be 
compared with those of domestic animals, 
exemplified by the dog, pig and sheep. 
Requirements of growing animals differ con- 
siderably between species, mainly because of 
differences in growth rate, but those for adult 
maintenance are less discordant. 


2. Foods derived from animals provide one-third 
of the protein and one-sixth of the energy sup- 
plied to the world's human population. Figures 
for individual countries vary widely, with the 
richest countries consuming ten times as much 
animal protein per head as the poorest coun- 
tries. Although wealth is the main determinant 
of meat and milk consumption, environment 
and religion are also important influences. 


QUESTIONS 


Further reading 


3. Human beings have no specific need for ani- 


mal products, but these products are better 
sources of some important nutrients (e.g. iron 
and vitamin B42) than are plant products. 


4. Animal products present hazards to consumers 


from food-borne diseases and from the satu- 
rated fats they contain. The latter problem is 
being reduced by advice to consumers and by 
modifying the concentration and constitution 
of fats in animal products. 


. Meat consumption, both in total and per head 


of the world population, is predicted to in- 
crease over the next 20 years, but by more in 
developing countries than in developed. 


25.1 Summarise the arguments for and against the consumption of animal products 
by man. What are your conclusions? 


25.2 What are the major diseases of man that may arise from the consumption of 


meat and milk products? 
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Appendix 1: Solutions to numerical 


10.1 


10.2 


10.3 


11.1 


11.2 


11.3 


questions 


DM digestibility = (2.0 — 0.4)/2.0 = 0.800 
CP intake = 2.0 x 150 = 300 g/day 
CP output = 0.4 x 175 = 70 g/day 
CP digestibility = (800 — 70)/300 = 0.767 


DM digestibility = (50 — 10)/50 = 0.800 
The two methods of measuring DM digestibility were in agreement. 


M intake from soya = 0.3 kg/day 

M intake from cereal = 2.0 — 0.3 = 1.7 kg/day 

M output from soya = 0.3 x (1 — 0.75) = 0.075 kg/day 
M output from cereal = 0.4 — 0.075 = 0.325 kg/day 
DM digestibility of cereal = (1.7 — 0.325)/1.7 = 0.809 


CP intake from soya = 0.3 x 450 = 135 g/day 

CP intake from cereals = 300 — 135 = 165 g/day 

CP output from soya = 135 X (1 — 0.85) = 20.3 g/day 
CP output from cereal = 70 — 20.3 = 49.7 g/day 

CP digestibility of cereal = (165 — 49.7)/165 = 0.699 


D 
D 
D 
D 


DE = GE intake — GE faeces 
ME = GE intake — (GE faeces + GE urine + GE methane) 


GE intake = 1.2 X 19.0 = 22.8 MJ/day 
DE = 22.8 — 6.0 = 16.8 MJ 
= 16.8/1.2 = 14.0 MJ/kg DM 
ME = 22.8 — (6.0 + 1.56 + 1.80) = 13.44 
= 13.44/1.2 = 11.20 MJ/kg DM 


Heat production = 16.18VO, + 5.16VCO, — 5.90N — 2.42CH, 
= (16.18 x 536) + (5.16 x 429) — (5.90 x 19) 
— (2.42 x 45.8) 
= 8672 + 2214 — 112 — 111 
= 10 663 kJ (10.66 MJ) 


Energy retention = 13.44 — 10.66 
= 2.78 MJ 


Protein stored = 10.4 X 6.25 = 65.0 g/day 
Protein carbon stored = 65 X 0.512 = 33.28 g/day 
Fat carbon stored = 182.5 — 33.28 = 149.22 g/day 
Fat stored = 149.22/0.746 = 200.0 g/day 
Energy stored = (65.0 X 23.6) + (200 X 39.3) 

= 9394 kJ/day (9.39 MJ/day) 
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114 ME intake = 8.0 X 11.0 = 88.0 MJ/day 
ME used for maintenance = 42.0/0.70 = 60.0 MJ/day 
ME available for gain = 88.0 — 60.0 = 28.0 MJ/day 
k; = 12.0/28.0 = 0.43 


12.1 DMI (kg/day) MEI (MJ/day) 
1.0 Hay 0.80 7.20 
0.3 Concentrate 0.26 3.35 
Total 1.06 10.55 


M/D = 10.55/1.06 = 9.97 MJ/kg DM 
qm = 9.97/18.4 = 0.54 


km = (0.35 x q) + 0.503 = 0.693 
kg = (0.78 x q) + 0.006 = 0.428 


ME maintenance = 3.2/0.693 = 4.62 MJ/day 
ME available for gain = 10.55 — 4.62 = 5.93 MJ/day 
Liveweight gain = 5.93 x 0.428/14.0 = 0.18 kg/day 


12.2 NE (MJ/day) k ME (MJ/day) 
Maintenance 44.8 0.72 62.2 
Milk production 108.0 0.62 174.2 
Total 152.8 236.4 


M/D = 236.4/19.5 = 12.12 MJ/kg DM 
qm = 12.12/18.4 = 0.66 


Forage DM = [DMI x (MC — M/D)]/(MC — ME) 
= [19.5 x (13.5 — 12.12)]/(13.5 — 10.8) 


= 9.97 kg/day 
Concentrate DM = 19.5 — 9.97 
= 9.53 kg/day 


Fresh forage = 9.97/0.280 
= 35.61 kg/day 


Fresh concentrate = 9.53/0.860 
= 11.55 kg/day 


12.3 DE = 17.47 + (0.0079 x 160) + (0.0158 x 50) — (0.0331 x 60) 
— (0.0140 x 150) 
= 15.96 MJ/kg 

DE maintenance = 7.0 MJ/day 

DE available for gain = 15.96 — 7.0 
= 8.96 MJ/day 

kp = 0.56 

kí = 0.74 
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13.3 


13.4 


14.1 
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Mean efficiency (kpt) = (170 x 0.56) + (200 x 0.74)/370 
= 0.66 
Energy retention = 8.96 x 0.66 
= 5.91 MJ/day 
Energy value of gain = (170 x 23.6) + (200 x 39.3)/1000 
= 11.87 MJ/kg 
Liveweight gain = 5.91/11.87 
= 0.50 kg/day 


19.15 g N per day. 
BV = 0.80. 


Degradability = 0.32 + (0.51 x 0.06)/(0.06 + 0.05) = 0.60 kg/kg. Amount 
of protein degraded in the rumen = 0.60 X 240 = 144 g/kg DM. ERDP = 
(0.8 x 0.32) + (0.51 x 0.06)/(0.06 + 0.05) = 0.54 x 240 = 130 g/kg DM. 


MPE supply (g/kg DM) = (10 X 82) + (2 x 271) + (6 x 130) = 2142 g/day. 
MPN supply (g/kg DM) = (10 X 87) + (2 X 417) + (6 X 83) = 2202 g/day. 
Diet is limited by MPE, and so MP supply is 2142 g/day. 


Fasting metabolism (F) = 0.53(W/1.08)°-°” 
= 23.0 MJ/day 


Correction for sex = 23.0 x 1.15 
= 26.4 MJ/day 


Activity (A) = 0.0071 x W 
= 2.1 MJ/day 


Metabolisability (qm) = 11.0/18.4 
= 0.597 


km = (0.35 X qm) + 0.503 
= 0.712 


ME maintenance (ME,,) = (F + A)/km 
= (26.4 + 2.1)/0.712 
= 40.0 MJ/day 


EV, = [4.1 + (0.0332 W) — (0.000009 W?)]/(1 — 0.1475 LWG) 
= 15.83 MJ/kg 


Correction for breed, sex and rate of gain = 15.83 x 0.70 x 1.1 
= 12.1 MJ/day 
kg = 0.78 dm + 0.006 
= 0.472 
ME gain (ME,) = NE,/kg 
= 12.12/0.472 
= 25.7 MJ/day 


ME total = ME, + ME, 
= 40.0 + 25.7 
= 65.7 MJ/day 
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14.2 


14.3 
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Basal endogenous nitrogen = 0.35 x W®75 


= 25.2 g/day 
Hair and scurf = 0.018 x W®75 
= 1.3 g/day 
kpm = 1.0 
MP maintenance (MP,,) = (25.2 + 1.3)/1.0 x 6.25 
= 165.6 g/day 
NP, = 168.07 — (0.16869 x W) + (0.0001633 W2)x (1.12 — 0.1223 x LWG) 
= 130.0 g/kg 
Correction for breed, sex and weight gain = 130.0 x 1.20 x 1.1 
= 172.0 g/day 
kpg = 0.59 
MP gain (MP,) = NEs/Kpg 
= 172.0/0.59 
= 291.0 g/day 
MP total = MP,, + MP, 
= 165.6 + 291.0 
= 457.0 g/day 


NE intake = 20.0 MJ/day 
NE maintenance + activity = (0.750 W°®°) x 1.10 
= 11.44 MJ/day 
NE available for gain = 20.0 — 11.44 
= 8.56 MJ/day 
Protein retention (Pt) = 0.120 kg/day 
NE retained as protein = 0.120 X 23.6 
= 2.83 MJ/day 
NE retained as fat = 8.56 — 2.83 
= 5.73 MJ/day 
Fat retention (Lt) = 5.73/39.3 
= 0.146 kg/day 
DE maintenance (DE,,) = 0.139 x W 
= 69.5 MJ/day 
DE exercise (DE,) = 69.5 x 0.4 
= 27.8 MJ/day 
DE total = DEn + DE, 
= 69.5 + 27.8 
= 97.3 MJ/day 
CP maintenance (CP,,) = 1.44 x W 
= 720.0 g/day 
CP exercise (CP,) = (MG x W) + [(SL x 7.8 x W)/0.633] 
= (0.177 x W) + [(0.005 x 7.8 x W)/0.633] 
= 119.3 g/day 


15.1a 


15.1b 


15.2 


15.3 


15.4 


16.1 


16.2 
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CP total = CP, + CP. 
= 720.0 + 119.3 
= 839.3 g/day 


From Table 15.2, increasing body condition from 1.0 to 1.5 will result in a 
body weight at service of approximately 49 kg and an ovulation rate of 1.38. 
A ewe that remains at condition score 1.5 will have a similar body weight of 
46 kg but an ovulation rate of only 1.1. 


From Table 15.2, increasing body condition from 2.5 to 3.0 will result in a 
body weight at service of approximately 61 kg and an ovulation rate of 2.0. 
A ewe that remains at condition score 3.0 will have a similar body weight of 
62 kg and a similar ovulation rate of 2.1. 


From Table 15.1, a low compared with a high plane of nutrition will result in 
an animal that is slightly heavier (316 kg v. 282 kg), larger (119 cm v. 
110 cm) and lower in fat (7.0 per cent v. 7.4 per cent) but reach puberty 
7 months later (16.5 months v. 9.3 months). 


Maintenance = (0.36W°”°)/0.8 = 0.70 MJ/day. Egg output = 0.375 x 
0.8/0.8 = 0.375 MJ/day. Total ME requirement = 1.08 MJ/day. 


Lysine (mg/day) = 9.5 (57 X 0.80) + 60 x 1.8 = 433 + 108 = 541. 


AFRC (1993) 

Mn = 43.3/0.72 = 60.1 MJ/day 

Net energy spared by weight loss = (—0.5 x 25) x 0.84 = 10.5 MJ/day 
Mp= (33(1.509 + 0.0406 x 39) — 10.5)/0.64 = 143 MJ/day 

Mmp = (60.1 + 143) x 1.043 = 212 MJ/day 

5% safety margin = 212 x 1.05 = 223 MJ/day 

FiM 

Ei = 33(1.509 + 0.0406 x 39) = 102 MJ/day 

Ewe = 19.3 x (—0.5) x 0.78 = —7.5 MJ/day 

W9-75 = 6259-75 = 125 kg 

Eicorr = (102 — 7.5)/125 = 0.756 MJ/kgW 07> 

Mint = loge [(5.06 — 0.726)/(5.06 + 0.453)]/—0.1326 = 1.87 MJ/kgw? 7" 
Min = 1.87 x 125 = 234 MJ/day 

A = (0.0013 x 625)/0.72 = 1.13 

Meg = (234 + 1.13 — 10) x 1.02 = 230 MJ/day 


AFRC (1993) 


MP,, = 2.19 x 625%75 = 273 g/day 

MP, = 0.1125 x 625°75 = 14.1 g/day 

MP, = (33 X 0.95 x 33)/0.68 = 1521 g/day 
MP, = —0.5 x 138 = —69 g/day 

Total = 273 + 14.1 + 1521 — 69 = 1739 g/day 
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16.3 


16.4 


16.5 


16.6 


17.1 
17.2 
17.3 


17.4 


FiM 

MP,, = 4.1 x 625°° + 0.3 x 6009:5 + 30 x 20 — 0.5[(1100/0.8) — 1100] 
+ 2.34 x 20 = 625.7 

MP, = (33 X 0.95 x 33)/0.68 = 1521 g/day 

MP, = —0.5 X 138 = —69 g/day 

Total = 626.1 + 1521 — 69 = 2078 g/day 


Metabolisable energy: 

Em = 0.226 x (55/1.08)°7> + 0.0196 x 55 = 5.38 MJ/day 
km = 0.35 X 0.55 + 0.503 = 0.70 

Mn = 5.38/0.70 = 7.7 MJ/day 

ki = 0.35 x 0.55 + 0.42 = 0.61 

M; = (1.21 x 4.6)/0.61 = 9.1 MJ/day 

M, = —0.1 x 21/0.61 = —3.4 MJ/day 

M, = 9.1 — 3.4 = 5.7 MJ/day 

Level of feeding adjustment = 1 + 0.018 x (M,/M,) = 1.013 
Mmp = (7.7 + 5.7) X 1.013 = 13.6 MJ/day 

MP = (2.19 x 55°79) + (1.21 x 72) + (—0.1 X 119) + 20.4 = 140 g/day 


NEn = (0.75 x 200°) x 1.1 = 19.8 MJ/day 
NE, = 11 x 5.4 = 59.4 MJ/day 

NE, = —0.25 x 33.4 = —8.4 MJ/day 

NEmp = 19.8 + 59.4 — 8.4 = 70.8 MJ/day 
NE (MJ/kg) = 70.8/8.0 = 8.85 

DE, = 70.8/0.71 = 99.7 MJ/day 

DE (MJ/kg) = 99.7/8 = 12.5 


Maintenance = [(200°- x 0.9 x 0.058)/0.82] x 1.05 = 3.6 g/day 
Lactation = [(11 x 54 x 0.073)/0.82] x 1.05 = 55.5 g/day 

Ileal digestible lysine (g/day) = 3.6 + 55.5 = 59.1 or 7.4 g/kg 
Lysine (g/day) = 59.1/0.84 = 73.0 or 9.1 g/kg 


DE. = (0.152 x 600) + (15 x 2.09/0.6) = 91.2 + 52.2 = 143 MJ/day 
CP. = (1.44 x 600) + (50 x 15) = 864 + 750 = 1614 g/day 

Lysine (g/day) = (0.043 x 1.44 x 600) + (3.3 x 15) = 37.2 + 49.5 = 86.7 
Ca (g/day) = [(0.02 x 600) + (1.2 x 15)]/0.5 = (12 + 18)/0.5 = 60 

P (g/day) = [(0.01 x 600) + (0.75 x 15)]/0.45 = (6 + 11.3)/0.45 = 38.4 


1.01 kg/day; 2.43 kg/day 
66.4 g/kg W9-75, 5.37 kg DM/day, 21.5 kg fresh weight/day 


Milk energy output (E) = 30 x (1.509 x 0.0406) = 94 MJ/day. Total DM 
intake = 19.3 kg DM/day. 


11 kg DM and 12.9 kg fresh. 


Appendix 2: Notes on tables 


The data given in these tables have been compiled from a number of sources, a full 
list of which is given at the end of the appendix. Absence of figures does not imply a 
zero but merely indicates that the information was not given in these sources. 


COMPOSITION AND NUTRITIVE VALUE, TABLES A2.1 AND A2.2 


The composition of a particular food is variable, and figures given in these tables 
should be regarded as representative examples and not constant values. For more 
comprehensive data, readers should consult the references. 


NUTRIENT ALLOWANCES, TABLES A2.3-A2.13 


The scientific feeding of farm animals is based on standards expressed in terms of 
either ‘nutrient requirements’ or ‘nutrient allowances’. These terms are defined in 
Chapter 14. The figures in the tables are mainly nutrient requirements as they do not 
include safety margins. Only the figures for vitamins have safety margins. It has not 
been possible to include every class of farm animal in these tables; only a represen- 
tative selection is given. For more detailed information, readers should consult the 
relevant references. 


ABBREVIATIONS USED IN THE TABLES 


ADF Acid-detergent fibre 
ADIN Acid-detergent insoluble nitrogen 
Avail. Available 


CF Crude fibre 

CP Crude protein 

D Digestible organic matter in dry matter 
DE Digestible energy 

dec. Decorticated 

DM Dry matter 

DMI Dry matter intake 

DUP Digestible undegradable protein 
EE Ether extract 

ERDP Effective rumen-degradable protein 
exp. Expeller 

extr. Extracted 
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FME 
ME 
MP 
MPB 
MPE 


MPN 
NDF 


dm 
W 


Fermentable metabolisable energy 

Metabolisable energy 

Metabolisable protein 

Metabolisable protein derived from digestible undegradable protein 
Metabolisable protein derived from energy supply to the rumen plus 
MPB 

Metabolisable protein derived from nitrogen supply to the rumen plus 
MPB 

Neutral-detergent fibre 

Metabolisability of gross energy 

Liveweight 


Table A2.1.1 Chemical composition of foods 


Appendix 2 


Food Dry matter basis (g/kg) 

DM (g/kg) CF EE Ash cP NDF ADF ADIN Starch 
and 
sugar 

Green crops 
Barley in flower 250 316 16 64 68 
Cabbage 150 160 47 107 160 244 136 320 
Clover, red, early-flowering 190 274 37 84 179 272 
Clover, white, early-flowering 190 232 42 116 237 400 253 84 
Grass, young (75-80D) 200 130 55 105 156 572 289 1.3 
Grass, mature (60-65D) 282 200 40 100 100 647 312 0.7 
Kale 140 179 36 136 157 243 197 2.3 284 
Lucerne, early—flowering 240 300 17 100 171 442 
Maize 190 289 26 63 89 
Rape 140 250 57 93 200 
Sugar beet tops 160 100 31 212 125 
Sugarcane 279 312 22 57 97 
Swede tops 120 125 42 183 192 
Silages 
Barley, whole crop 324 248 15 153 64 575 274 2.2 267 
Grass, young 250 270 52 91 186 566 359 1.3 
Grass, mature 294 340 52 110 125 603 387 0.5 
Lucerne 250 296 84 100 168 495 406 1.7 16 
Maize, whole crop 210 233 57 62 110 480 277 2.7 211 
Potato 270 26 19 52 81 
Hays 
Clover, red 850 266 39 84 184 280 2.2 
Grass, poor-quality 800 380 16 70 5 725 452 1.2 
Grass, good-quality 900 298 18 82 110 650 364 0.5 
Lucerne, early-flowering 850 302 13 95 225 493 375 2.1 
Dried herbage 
Grass 929 210 38 102 190 541 282 2.3 148 
Lucerne 900 247 51 100 220 465 336 2.0 81 
Straws 
Barley 860 394 21 53 38 811 509 1.0 32 
Barley, ammoniated 871 450 15 46 70 778 542 2.0 20 
Bean 860 501 9 53 52 778 542 19 
Oat 860 394 22 57 34 736 525 0.6 20 
Oat, ammoniated 843 431 18 66 75 735 522 1.0 16 
Pea 860 410 19 77 105 412 
Wheat 860 417 15 71 34 809 502 0.8 
Wheat, ammoniated 869 434 13 56 68 773 544 1.5 13 
continued 
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Table A2.1.1 (cont.) 


Food Dry matter basis (g/kg) 

DM (g/kg) CF EE Ash CP NDF ADF ADIN Starch 
and 
sugar 

Roots and tubers 
Artichoke, Jerusalem 200 35 10 55 75 
Cassava 370 43 9 30 35 114 63 692 
Fodder beet 183 56 3 81 63 136 72 0.9 660 
Mangels 120 58 8 67 83 
Potatoes 210 38 5 43 90 73 44 1.6 638 
Sugar beet pulp, dried 900 203 7 34 99 372 213 1.6 82 
Sugar beet pulp, dried molassed 876 132 4 88 110 321 179 0.9 300 
Sugar beet molasses 750 0 0 69 47 632 
Sugarcane molasses 737 0 4 100 55 657 
Swedes 120 100 17 58 108 140 125 0.2 587 
Sweet potatoes 320 38 16 34 39 75 0.2 
Turnips 90 111 22 78 122 254 70 1.6 

Cereals and by-products 
Barley 860 53 17 26 115 201 64 0.4 599 
Barley, brewer’s grains 263 176 77 41 234 618 264 3.9 51 
Barley, malt culms 900 156 22 80 271 463 163 171 
Brewer's yeast, dried 900 2 11 102 443 
Grain distiller’s grains 250 200 65 40 265 575 320 15.8 
Grain distiller’s dark grains 890 89 108 46 317 343 216 10 75 
Malt distiller’s grains 248 199 86 34 211 673 294 23 
Malt distiller’s dark grains 907 121 67 60 275 420 175 65 
Maize 860 24 42 13 98 117 28 1.3 717 
Maize, flaked 900 17 49 10 110 101 
Maize, gluten feed 900 39 38 28 262 383 114 1.4 210 
Maize, gluten meal 904 12 29 11 669 55 6.4 158 
Millet 860 93 44 44 121 
Oats 860 105 49 33 109 290 149 0.4 482 
Oats, naked 854 45 97 23 119 114 42 0.5 597 
Oat husks 900 351 11 42 21 
Pot ale syrup 483 2 2 95 374 6 36 
Rice, brown 907 23 9 111 
Rice, bran (extracted) 905 11 149 166 350 275 1.4 256 
Rice, polished 860 17 5 9 77 
Rye 860 26 19 21 124 357 
Sorghum 860 21 43 27 108 107 57 745 
Wheat 860 26 19 21 124 124 30 0.4 701 
Wheat bran 880 114 45 67 170 474 137 259 
Wheat feed 880 74 45 50 178 364 111 0.4 333 
Wheat germ meal 889 82 48 279 
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Table A2.1.1 (cont.) 


Food Dry matter basis (g/kg) 

DM (g/kg) CF EE Ash CP NDF ADF ADIN Starch 
and 
sugar 

Oilseed by-products 

Coconut meal 900 153 76 72 220 450 270 2:5 

Cotton seed meal, undecorticated 900 248 54 66 231 390 260 3.2 

Cotton seed meal, decorticated 900 87 89 74 457 300 2.0 

Groundnut meal, undecorticated 900 273 21 47 343 

Groundnut meal, decorticated 900 88 8 63 552 180 146 2.0 

Linseed meal 900 102 36 73 404 192 131 2.0 95 

Palm kernel meal 900 167 10 44 227 693 470 3.0 51 

Rapeseed meal 899 152 29 80 400 295 206 3.6 147 

Soya bean meal 900 58 17 62 503 125 91 2.2 124 

Soya bean meal, full-fat 898 48 222 54 415 122 82 91 

Sunflower meal, undecorticated 900 323 80 50 297 379 220 2.5 

Sunflower meal, decorticated 900 134 152 117 430 260 2.0 
Leguminous seeds 

Beans, field 860 80 15 36 275 168 123 0.5 412 

Gram 860 57 13 

Peas 860 63 19 32 261 116 76 4.8 497 
Animal by-products 

Blood meal 870 9 40 919 0 

Feather meal, hydrolysed 907 5 64 25 892 2 

Fishmeal, UK-produced 915 69 238 699 0 

Fishmeal, herring 920 75 122 793 0 

Fishmeal, South American 900 60 197 733 0 

Meat meal 900 0 148 42 810 0 

Meat and bone meal 900 0 50 62 597 0 

Milk, cow’s whole 128 0 305 55 266 0 

Milk, skim 100 0 70 80 350 0 

Milk, whey 66 0 30 106 106 0 
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Table A2.1.2 Mineral contents of foods (DM basis) 


5 E Q? 
° 3 2 £ 
E < Hi £ 5 5 = E 
2 ra S 3 2 D T £ 
s 2 8s 8 a S š 9 $ 
O a = x [ = Ñ O x 
Food (g/kg) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
Green crops 
Grass, close grazing 5.0 3.5 1.7 1.9 8.0 _ _ 0.10 0.05 
Grass, extensive grazing 4.8 2.8 1.7 1.7 7.0 16 5.0 0.08 0.04 
Kale 21.0 3.2 2.5 2.0 4.5 38 _ 0.10 0.05 
Lucerne, late vegetative ` 21.9 3.3 2.7 2.1 11.0 41 _ 0.17 _ 
Turnip tops 24.2 3.1 2.8 3.1 8.0 _ _ 0.08 0.06 
Silages 
Cereal, vegetative 4.0 2.7 1.0 1.8 6.0 80 25 0.07 0.06 
Grass, early 8.0 4.0 3.0 3.0 11.0 90 25 _ 0.10 
Grass, mature 3.0 2.0 0.9 1.0 3.0 94 30 0.05 0.02 
Hays 
Clover 15.3 2.5 4.3 1.9 11.0 73 17 0.16 _ 
Grass, poor-quality 2.5 1.5 0.8 1.0 2.0 70 17 0.05 0.01 
Grass, good-quality 7.0 3.5 2.5 2.5 9.0 100 21 0.20 0.07 
Lucerne, mature 11.3 1.8 2.7 0.8 14.0 44 24 0.09 _ 
Straws 
Barley 4.5 0.7 0.8 1.1 3.2 84 16 0.04 0.04 
Oat 4.0 0.7 1.3 3.7 4.0 69 29 0.04 0.02 
Roots and tubers 
Cassava, dried 2.0 1.0 _ 0.2 _ 20 _ _ _ 
Mangels 2.9 2.1 5.3 9.9 9.4 _ _ 0.09 0.03 
Potatoes 1.0 2.1 1.0 0.5 4.5 42 28 0.06 0.03 
Sugar beet pulp, 5.7 0.8 2.4 2.5 11.0 51 32 0.10 0.02 
molassed, dried 
Swedes 3.6 3.2 1.2 2.6 3.8 21 19 0.07 0.03 
Turnips 5.0 3.6 1.4 2.2 2.7 35 36 0.04 0.03 
Cereals and by-products 
Barley 0.5 4.0 1.3 0.2 4.8 18 19 0.04 0.02 
Brewer’s grains, dried 3.2 7.8 1.8 0.4 25.0 50 _ 0.03 _ 
Brewer’s yeast 13 15.1 2.5 0.8 35.3 6 42 _ _ 
Distiller’s grains, malt 1.7 3.7 1.4 0.9 10.0 - _ 0.02 0.02 
Maize 0.3 2.7 1.1 0.2 2.5 6 16 0.02 0.02 
Maize gluten meal 1.6 5.0 0.6 1.0 30.0 8 190 0.08 _ 
Millet 0.6 3.1 1.8 0.4 24.4 32 16 0.04 _ 
Oats 0.8 3.7 1.3 0.2 3.6 42 41 0.04 0.03 
Oat feed 1.5 2.9 1.0 0.2 3.9 _ _ 0.04 0.03 
Rice 0.7 3:2 1.5 0.6 3.0 20 17 0.05 _ 
Rye 0.7 3.7 1.4 0.3 8.0 66 36 _ _ 
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5 £ 9 
S 3 2 £ 
£ < 3 £ s S = 3 
= & = 2 ° ə © Fa 
2 ° F 5 2 5 u 2 a 
Š £ = & Š = Ñ Š a 
Food (g/kg) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
Sorghum 0.5 3.5 1.9 0.4 10.8 16 15 0.14 _ 
Wheat 0.5 3.5 1.2 0.1 5.0 42 50 0.05 0.02 
Wheat bran 16 13.6 5.0 0.4 12.9 143 189 0.03 0.40 
Wheat feed 1.1 8.0 3.3 0.4 17:5 _ _ 0.03 0.04 
Oilseeds and by-products 
Coconut meal 2.3 6.6 2.8 0.4 20.4 59 _ 0.14 _ 
Cotton seed meal, dec. 19 12.4 5.0 0.6 16.0 25 79 0.05 z 
Groundnut meal, dec. 2.9 6.8 1.7 0.8 17.0 29 22 0.12 = 
Linseed meal 4.1 8.6 5.8 0.7 25.0 42 _ 0.55 0.91 
Soya bean meal 3.5 6.8 3.0 0.4 25.0 32 61 0.20 0.55 
Leguminous seeds 
Beans 1.0 5.5 2.0 0.1 14.0 16 46 0.20 _ 
Peas 1.5 4.4 1.4 0.5 _ _ 33 _ _ 
Animal by-products 
Fishmeal 79.0 44.0 3.6 4.5 9.0 21 119 0.14 2.00 
Meat and bone meal 120 58.0 2D 7.2 24.0 _ _ 0.20 0.20 
Whey, dried 9.2 8.2 1.4 7.0 50.0 6 3 0.13 _ 
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Table A2.1.4 Vitamin potency of foods (fresh basis) 


Food 


Vitamin A potency? 


Vitamin E 


Thiamin 
Riboflavin 


Nicotinic acid 


Pantothenic acid 


Vitamin Bg 


Vitamin B42 


Choline 


(x 000 iu/kg) (iu/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 


Green crops 
Grass, dried 
Lucerne, dried 


Cereals and by-products 
Barley 
Brewer’s yeast, dried 
Maize 
Oats 
Rice 
Rye 
Sorghum 
Wheat 
Wheat, fine middlings 


Wheat, coarse middlings 


Oilseed by-products 
Coconut meal 
Cotton seed meal 
(dec. exp.) 
Groundnut meal 
(dec. extr.) 
Groundnut meal 
(dec. exp.) 
Linseed meal (extr.) 
Soya bean meal (extr.) 


Animal by-products 
Fishmeal 
Meat meal 
Milk, dried skim 


328 
267 


0.3 


0.4 


0.3 


150 
200 


16 
39 


P> 


- 155 
- 16.6 
1.9 1.8 
91.8 37.0 
3.5 1.0 
6.0 1.1 
= 0.4 
3.6 1.6 
4.0 1.1 
4.5 1.4 
2 2.2 

= 2.4 

= 3.3 
6.4 5.1 
57 11.0 
7.1 5.2 
= 3.5 
4.5 2.9 
2.1 6.0 
0.2 5.5 
- 210 


74 
43 


55 
448 
24 
12 
15 
19 
41 
48 
100 
95 


27 
38 


170 


166 


= — 0.003 
8 3.0 = 
109 42.8 = 
4 7.0 = 
= 1.0 = 
8 2.6 = 
12 3.2 = 
10 3.4 = 
10 5.3 = 
53 10.0 = 
47 10.0 = 
16 6.0 = 
10 41 0.081 
5 3.0 0.068 
= - 0.055 


890 
1110 


990 
3984 
620 
946 
780 
419 
450 
1090 
1110 
1170 


1110 
2753 


2396 


1655 


1660 
2794 


5180 
2077 
1060 


a For chicks. In the case of plant products, the values for pigs and ruminants are about half those quoted. 
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Table A2.3 Feeding standards for lactating and pregnant cattle based on FiM 
3.1 Daily requirements of cows producing milk of 38 g fat and 34 g protein/kg and weighing 650 kg 


Appendix 2 


Days pregnant 


Milk yield (kg/day) 15 25 35 45 

Liveweight change (kg/day) +0.6 +0.2 —0.3 —0.6 225 270 
qm 0.59 0.62 0.64 0.66 0.44 0.63 
DMI (kg) 14.9 17.7 20.2 23.6 11.0 9.6 
ME (MJ) 166 205 245 293 90 113 
MP (g) 1341 1 758 2 205 2 727 398 504 
Ca (g) 101 118 141 168 34 45 
P (g) 57 74 93 115 25 27 
Mg (g) 28 36 45 54 16 16 
Na (g) 15 21 27 34 5 7 
Vitamin A (iu) 60 000 71 000 81 000 94 000 41 000 
Vitamin D (iu) 11 000 13 000 15 000 18 000 7 700 
Vitamin E (iu) 328 389 445 519 230 


3.2 Daily requirements of cows producing milk of 52 g fat and 42 g protein/kg and weighing 450 kg 


Days pregnant 


Milk yield (kg/day) 10 20 30 

Liveweight change (kg/day) +0.4 +0.1 —0.4 225 270 
qm 0.60 0.60 0.65 0.45 0.63 
DMI (kg) 11.1 15.9 18.8 8.1 7.7 
ME (MJ) 125 177 230 69 92 
MP (g) 1 057 1 703 2 246 289 441 
Ca (g) 69 89 113 27 38 
P (g) 40 62 82 20 23 
Mg (g) 19 28 37 12 12 
Na (g) 10 16 22 4 6 
Vitamin A (iu) 45 000 64 000 75 000 32 000 
Vitamin D (iu) 8 000 12 000 14 000 6 000 
Vitamin E (iu) 244 349 414 175 
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Table A2.4 Feeding standards for growing cattle 


4.1 Daily requirements of cattle of 200 kg liveweight 


Category? Component Liveweight gain (kg/day)b DM intake? 
0 0.5 0.75 1.0 1.25 (kg/day) 

Heifers of ME (MJ) 27/26 44/40 56/50 —/62 -/78 5.0/6.5 
small-sized breeds MP (g) 122 224 270 313 377 
Castrate males ME (MJ) 27/26 40/37 49/45 -/54 -/65 5.0/6.5 
of medium-sized MP (g) 122 249 306 361 411 
breeds 
Bulls of ME (MJ) 31/30 40/37 45/42 52/47 -/54 5.0/6.5 
large-sized breeds MP (g) 122 274 343 408 469 
All breeds Ca (g) 4 16 22 28 32 

P (g) 5 15 20 25 27 

Mg (g) 3.5 4.8 5.4 6.0 6.6 

Na (g) 1.5 2.3 2.7 3.1 3.5 

Vitamin A (iu) <—_____ 14000 —— > 

Vitamin D (iu) < 1200 ——______» 

Vitamin E (iu) — —— 115 — > 
4.2 Daily requirements of cattle of 400 kg liveweight 
Category" Component Liveweight gain (kg/day)° DM intake”? 

0 0.5 0.75 1.0 1.25 (kg/day) 

Heifers of ME (MJ) 44/42 70/64 88/79 -/97 -/120 8.5/11.0 
small-sized breeds MP (g) 206 297 338 377 413 
Castrate males of ME (MJ) 44/42 64/59 79/71 95/84 -/100 8.5/11.0 
medium-sized MP (g) 206 319 371 420 465 
breeds 
Bulls of ME (MJ) 50/48 64/60 72/67 82/75 94/86 8.5/11.0 
large-sized breeds MP (g) 206 342 404 463 517 
All breeds Ca (g) 8 19 25 31 34 

P (g) 9 19 24 31 31 

Mg (g) 7.1 8.3 8.9 9.5 10.1 

Na (g) 2.6 3.8 4.2 4.6 5.0 


Vitamin A (iu) 
Vitamin D (iu) 
Vitamin E (iu) 


— —— — aoo ——U 
< 2400 ——V 
1955 —— > 


< — ro  O—D  vP—- 


aCategories: there is a range of nine categories of growing cattle (combinations of three breed sizes and three sexes). Of the three 
categories illustrated in this table, castrates of medium-sized breeds are the median category, and the other two are the extremes 


of the range. 


bwhere two values separated by a solidus (/) are given, the first is for diets with metabolisability (qm) of 0.55 and the second for 
diets with qm of 0.65. A blank before the solidus indicates that the performance level is unlikely to be achieved with a diet of lower 


metabolisability. 
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Table A2.5 Feeding standards for pregnant ewes 
5.1 Daily requirements of ewes assuming zero weight change 


Ewe Component Days from conception 

weight Single lamb Twin lambs 

(kg) 98 112 126 140 98 112 126 140 

55 DMI (kg) 1.2 1.2 1.2 1.1 1.3 1.3 1.3 1.2 
ME (MJ) 7.9 8.8 9.9 11.3 8.9 10.2 12.0 14.4" 
MP (g) 72 76 82 89 77 84 93 104 
Ca (g) 3.1 3.8 4.5 5.1 3.9 5.0 6.2 7.2 
P (g) 2.7 2.9 3.0 3.0 3.2 3.5 3.8 3.8 
Mg (g) 1.0 1.0 1.3 1.3 1.0 1.0 1.5 1.5 
Na (g) 1.8 1.8 
Vitamin A (iu) =z 5500 —— < 5500 > 
Vitamin D (iu) —<—— 550 —— < 550 > 
Vitamin E (iu) < 40 —— > < 45 > 

75 DMI (kg) 1.5 1.5 1.5 1.4 1.6 1.6 1.6 1.5 
ME (MJ) 10.1 11.1 12.5 14.3 11.3 12.9 15.2 18.2? 
MP (g) 86 91 98 106 92 100 111 126 
Ca (g) 3.8 4.6 5.6 6.3 4.7 6.0 7.6 8.9 
P (g) 3.4 3.6 3.8 3.8 4.0 4.4 4.7 4.8 
Mg (g) 1.3 1.3 1.7 1.7 1.3 1.3 2.0 2.0 
Na (g) 2.5 2.5 
Vitamin A (iu) =z— 7500 — > < 7500 > 
Vitamin D (iu) =m 750 — < 750 > 
Vitamin E (iu) — —— 55 —— < 60 > 


aThese energy levels are not attainable, owing to inadequate DMI. 
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Table A2.5 (cont.) 
5.2 Daily requirements of 55 kg pregnant ewes losing 50 g liveweight/day and 75 kg ewes losing 75 g 


liveweight/day 

Ewe Component Days from conception 

weight Single lamb Twin lambs 

(kg) 98 112 126 140 98 112 126 140 

55 DMI (kg) 1.2 1.2 1.2 1.1 1.3 1.3 1.3 1.2 
ME (MJ) 6.0 6.8 7.9 9.3 6.9 8.2 10.0 12.3 
MP (g) 66 70 76 83 71 78 87 98 
Ca (g) 3.1 3.8 4.5 5.1 3.9 5.0 6.2 7.2 
P (g) 2.7 2.9 3.0 3.0 3.2 3.5 3.8 3.8 
Mg (g) 1.0 1.0 1.3 1.3 1.0 1.0 1.5 1.5 
Na (g) =< 1.8 ə> ——— 18 — — > 
Vitamin A (iu) < 5500 > < 5500 > 
Vitamin D (iu) < 550 > < 550 > 
Vitamin E (iu) < 40 > < 45 > 

75 DMI (kg) 1.5 1.5 1.5 1.4 1.6 1.6 1.6 1.5 
ME (MJ) 7.1 8.1 9.4 11.2 8.2 9.9 12.2 15.1 
MP (g) 77 82 89 98 83 91 102 117 
Ca (g) 3.8 4.6 5.6 6.3 4.7 6.0 7.6 8.9 
P (g) 3.4 3.6 3.8 3.8 4.0 4.4 4.7 4.8 
Mg (g) 1.3 1.3 1.7 1.7 1.3 1.3 2.0 2.0 
Na (g) < 2.5 > < 2.5 > 
Vitamin A (iu) < 7500 — — > < 7500 > 
Vitamin D (iu) < 750 > < 750 > 
Vitamin E (iu) < 55 > < 60 > 
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Table A2.6 Feeding standards for lactating ewes 
6.1 Daily requirements of lactating ewes kept outdoors and assuming zero 
weight change. qm = 0.625 


Ewe Component Week of lactation 

weight Single lamb Twin lambs 

(kg) 1-4 5-8 9-12 1-4 5-8 9-12 

55 DMI (kg) 1.5 1.7 1.6 1.6 1.8 1.7 
ME (MJ) 16.7 15.8 13.2 22.03 20.0 16.0 
MP (g) 154 145 120 204 184 146 
Ca (g) 6.1 5.9 4.8 8.4 7.8 6.0 
P (g) 5.4 5.5 4.6 7.2 6.9 5.6 
Mg (g) 2.2 2.1 1.7 2.9 2.6 2.1 
Na (g) 2.1 2.0 1.9 2.4 2.3 2.0 
Vitamin A (iu) =< 5500 ———»> = ~«— 5500 — 
Vitamin D (iu) ~«— 550 > < 550 > 
Vitamin E (iu)  — — 40 > < 45 > 

75 DMI (kg) 1.9 2.2 2.0 2.0 2.3 2.1 
ME (MJ) 23.83 22.3 17.7 30.9 26.3 20.4 
MP (g) 223 209 164 289 246 191 
Ca (g) 9.0 8.8 6.7 12.0 10.5 7.9 
P(g) 8.0 8.1 6.4 10.2 9.4 7.4 
Mg (g) 3.3 3.1 2.5 4.2 3.6 2.9 
Na (g) 3.0 2.9 2.6 3.4 3.1 2.8 
Vitamin A (iu) =«— 7500 > «x 7500 ————> 
Vitamin D (iu) <«— 750 > < 750 > 


Vitamin E (iu) =<«—— 955 ——_» ~«——— 60 —— 


*These energy levels are not attainable owing to inadequate DMI. 
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Table A2.6 (cont.) 
6.2 Daily requirements of 55 kg lactating ewes kept outdoors and losing 50 g 
liveweight/day and 75 kg ewes losing 75 g liveweight/day (q,, = 0.625) 


Ewe Component Week of lactation 

weight Single lamb Twin lambs 

(kg) 1-4 5-8 9-12 1-4 5-8 9-12 

55 DMI (kg) 1.5 1.7 1.6 1.6 1.8 1.7 
ME (MJ) 14.9 14.0 11.5 20.2? 18.1 14.2 
MP (g) 148 139 114 198 179 140 
Ca (g) 6.1 5.9 4.8 8.4 7.8 6.0 
P (g) 5.4 5.5 4.6 7.2 6.9 5.6 
Mg (g) 2.2 2.1 1.7 2.9 2.6 2.1 
Na (g) 2.1 2.0 1.9 2.4 2.3 2.0 
Vitamin A (iu) < 5500 > <«—— 5500 —nm 
Vitamin D (iu) ~«— 550————y, < 550 > 
Vitamin E (iu) — 40 > < 45 > 

75 DMI (kg) 1.9 2.2 2.0 2.0 2.3 2.1 
ME (MJ) 21.1 19.6 15.0 28.13 23.5 17.7 
MP (g) 214 200 155 280 237 182 
Ca (g) 9.0 8.8 6.7 12.0 10.5 7.9 
P(g) 8.0 8.1 6.4 10.2 9.4 7.4 
Mg (g) 3.3 3.1 2.5 4.2 3.6 2.9 
Na (g) 3.0 2.9 2.6 3.4 3.1 2.8 
Vitamin A (iu) — 7500 > < 7500 ———»> 
Vitamin D (iu) ~« 750 > < 750 > 
Vitamin E (iu) ~« 55 > < 60 — > 


aThese energy levels are not attainable owing to inadequate DMI. 


Table A2.7 Feeding standards for growing lambs 


7.1 Daily requirements of lambs of 20 kg liveweight 
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Category Component Liveweight gain (g/day)? DM intake? 
0 50 100 150 (kg/day) 
Females ME (MJ) 3.4/3.2 4.5/4.2 5.8/5.3 -/6.5 0.46/0.56 
MP (g) 21° 45 58 71 
Castrate males ME (MJ) 3.4/3.2 4.5/4.2 5.7/5.2 -/6.2 0.46/0.56 
MP (g) 21° 47 61 76 
Males ME (MJ) 3.9/3.7 4.8/4.5 5.8/5.4 -/6.4 0.46/0.56 
MP (g) 21° 47 61 76 
All sexes Ca (g) 0.7 1.6 2.5 3.4 
P (g) 0.5 1.0 2.0 3.0 
Mg (g) 0.38 0.50 0.61 0.72 
Na (g) 0.57 0.63 0.69 0.75 
Vitamin A (iu) — 660 > 
Vitamin D (iu) -< 120 > 


Vitamin E (iu) 


— —— 21 — TT 


aWhere two values separated by a solidus (/) are given, the first is for diets with a metabolisability (qm) of 
0.55 and the second for diets with qm of 0.65. A blank before the solidus indicates that the performance 


level is unlikely to be achieved with a diet of lower metabolisability. 


>This basal requirement for maintenance does not include an allowance of protein for wool growth. 
If lambs were kept at a maintenance level, they would continue to grow wool and would need an 


additional 11 g/day of MP for this purpose. 


7.2 Daily requirements of lambs of 35 kg liveweight 


Category Component Liveweight gain (g/day)? DM intake? 
0 50 100 150  (kg/day) 
Females ME (MJ) 5.2/5.0 7.0/6.5 9.1/8.2 -/10.2 0.77/0.92 
MP (g) 31> 54 65 77 
Castrate males ME (MJ) 5.2/5.0 6.8/6.3 8.5/7.8 -/9.5  0.77/0.92 
MP (g) 31> 56 70 83 
Males ME (MJ) 6.0/5.7 7.4/6.9 9.0/8.3 -/9.8  0.77/0.92 
MP (g) 31> 56 70 83 
All sexes Ca (g) 0.9 1.7 2.5 3.4 
P (g) 0.9 1.6 2.4 3.5 
Mg (g) 0.62 0.74 0.85 1.00 
Na (g) 0.99 1.05 110 1.15 
Vitamin A (iu) — 1200 > 
Vitamin D (iu) — 210 > 


Vitamin E (iu) 


<= 25 — > 


abSee Table 7.1. 
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Table A2.8 Dietary allowances (mg/kg DM) of trace elements for ruminants 


Sheep 


Cattle 
Copper Pre-ruminant calf 
Others 
Iron Before weaning 
After weaning 
>150 kg liveweight 
Pregnant and lactating 
Iodine Winter 
Summer 
Presence of goitrogens 
Cobalt All classes 
Selenium Dairy cows 
Others 
Zinc All classes 
Manganese All classes 


0.15 
2.00 


0.10 


Pre-ruminant lamb 
Growing lambs 
Others 

All classes 


Winter 

Summer 

Presence of goitrogens 
All classes 

All classes 


All classes 
All classes 


NWR 


30 


0.5 
0.15 
2.00 
0.3 
0.10 


40 
40 


Table A2.9.1 Typical net energy and standardised ileal digestible (SID) amino acid 
content of pig diets (MJ or g/kg air dry food) (BSAS, 2003) 


Growing pigs? 


Component 30-60 kg 60-90 kg Pregnant sows? Lactating sows‘ 
Food (kg/day) 1.39-2.18 2.18-2.62 2.8 8.0 

Net energy (MJ/kg) 9.3 9.0 9.44 9.0 

SID (g/kg) 

Lysine 8.1 7.1 4.0 7.4 
Methionine 2.4 2.1 1.5 2.2 
Methionine + cystine 4.8 4.2 2.6 4.1 
Threonine 5.3 4.6 2.8 4.9 
Tryptophan 1.5 1.3 0.8 1.3 


@Intermediate-type pig. 


5225 kg gaining 37.5 kg in pregnancy. 


£225 kg, milk yield 11kg/day. 


4 Pregnancy food intake controlled to manage body gain. Diets of lower density may be justified on 
grounds of gut health and pig welfare. 
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Table A2.9.2 Typical mineral, trace element and vitamin content of pig diets 
(g, mg or iu/kg air dry food)? (BSAS, 2003) 


Component Growing pigs® Pregnant sows Lactating sows 
30-60kg 60-90 kg 
Calcium (g/kg) 7.2 6.8 7.2 8.0 
Digestible phosphorus 2.5 2.4 2.3 3.2 
Sodium 1.7 1.7 1.7 2.0 
Chloride 1.6 1.5 1.4 1.8 
Magnesium 0.4 0.4 0.4 0.4 
Zinc (mg/kg) 100 80 80 80 
Manganese 30 25 20 20 
Iron 80 80 80 80 
Cobalt 0.2 0.2 0.2 0.2 
Iodine 0.2 0.2 0.2 0.2 
Selenium 0.2 0.2 0.2 0.25 
Copper 6 6 6 6 
Vitamin A (iu/kg) 4000 4000 8500 8500 
Vitamin D 800 600 800 1000 
Vitamin E 50 50 50 50 
Vitamin K (mg/kg) 2 1 1.5 1.5 
Thiamin 2 2 2 2 
Riboflavin 3 2 5 5 
Nicotinic acid 20 20 20 20 
Pantothenic acid 10 10 15 15 
Pyridoxine 2 2 3 3 
Cyanocobalamin 0.03 0.02 0.03 0.03 
Biotin 0.1 0.05 0.2 0.2 
Folic acid 0.5 0.5 3 3 
Choline 100 50 300 300 


aTrace element and vitamin content assumes a net energy value of 9.4 MJ/kg. 
b|ntermediate-type pig. 
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Table A2.10 Typical dietary nutrient levels for poultry (fresh basis) 


10.1 Chickens 


Growing chicks Pullets 
0-3 7-12 12-18 Laying Breeding Broiler Broiler Broiler 
weeks weeks weeks hens hens starter grower finisher 
ME (MJ/kg) 12.0 11.9 11.7 11.8 11.7 12.7 13.2 13.4 
Crude protein (g/kg) 200 175 162 183 145-155 220-250 210-230 190-230 
Digestible amino acids (g/kg)? 
Arginine 10.6 8.6 7.3 9.8 6.2 13.1 11.4 10.2 
Isoleucine 6.9 5.9 5.2 7.2 6.2 8.5 7.5 6.7 
Lysine 9.9 8.0 6.7 9.1 5.8 12.7 11.0 9.7 
Methionine 4.5 3.8 3.2 4.5 2.8 4.7 4.2 3.8 
Methionine + cystine 7.5 6.5 6.0 7.7 5.2 9.4 8.4 7.6 
Threonine 6.3 5.4 4.6 6.4 4.2 8.3 7.3 6.5 
Tryptophan 1.8 1.7 1.4 1.9 1.3 2.0 1.8 1.6 
Valine 7.1 6.2 5.6 8.2 4.9 9.5 8.4 7.5 
Major minerals (g/kg) 
Calcium 10 10 14 43 30 10.5 9.0 8.5 
Phosphorus (average) 4.5 4.3 4.5 4.7 3.5 5 4.5 4.2 
Magnesium 3.0 2.5 2.5 
Sodium 1.8 1.7 1.8 1.9 2.0 2.0 2.0 1.8 
Potassium 7.5 7 6.5 6.5 
Trace minerals (mg/kg; supplementary levels) 
Copper 11.0 11.0 11.0 5.5 10 16 16 16 
Iodine 1.7 1.7 1.7 1.7 2.0 1.25 1.25 1.25 
Iron 55 55 55 55 50 40 40 40 
Manganese 88 88 88 88 120 120 120 120 
Zinc 88 88 88 88 100 100 100 100 
Selenium 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Vitamins (iu/kg; supplementary levels)* 
A 9900 9900 9900 8800 12000 12 000 10 000 10 000 
D3 3300 3300 3300 3300 3500 5 000 5 000 4 000 
E 22.1 22.1 22.1 16.5 100 75 50 50 
Vitamins (mg/kg; supplementary levels)* 
K 3.3 3.3 3.3 2.2 5 3 3 2 
Thiamin 2.2 2.2 2.2 1.7 3 3 2 2 
Riboflavin 6.6 6.6 6.6 5.5 12 8 6 5 
Nicotinic acid 50 55 55 35 
Pantothenic acid 11 11 11 6.6 13 13 13 13 
Choline 110 110 110 110 1000 1 600 1 500 1 400 
By 0.022 0.022 0.022 0.022 0.03 0.016 0.016 0.010 


Supplementary trace minerals and vitamins levels required differ according to whether the basal diet is wheat or maize. 


>For broilers = true whole tract digestibility and for laying hens = standardised ileal digestibility. 
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10.2 Turkeys 
Growing chicks Breeding 
0-4 weeks 9-12 weeks 17-20 weeks turkeys 
ME (MJ/kg) 11.8 12.2 12.4 11.9 
Crude protein (g/kg) 160-175 
Digestible amino acids (g/kg) 
Arginine 18.2 13.2 8.9 8.3 
Lysine 16.6 12 8.2 7.9 
Methionine 5.9 4.9 3.8 3.9 
Methionine + cystine 11.0 9 6.9 6.4 
Threonine 10.3 7.3 5.0 5 
Tryptophan 2.7 2.0 1.4 1.8 
Major minerals (g/kg) 
Calcium 13.5 11.5 8.2 27 
Phosphorus (average) 7.6 6.1 4.1 4 
Sodium 1.5 1.6 1.6 1.5 
Trace minerals (mg/kg; supplementary levels) 
Copper 20 20 20 10 
Iodine 2 2 2, 3 
Iron 50 20 20 45 
Manganese 120 100 100 120 
Zinc 100 70 70 110 
Selenium 0.2 0.2 0.2 0.4 
Vitamins (iu/kg; supplementary levels)* 
A 15 000 10 000 8 000 12 000 
D3 5 000 3 000 2 000 5 000 
E 100 80 50 120 
Vitamins (mg/kg; supplementary levels)* 
K 5 3 3 5 
Thiamin 5 1 3 4 
Riboflavin 8 6 6 20 
Nicotinic acid 75 50 40 80 
Pantothenic acid 25 15 15 28 
Pyridoxine 7 5 3 6 
Biotin 0.3 0.3 0.2 0.3 
Folic acid 3 2 2 6 
B12 0.02 0.02 0.02 0.04 
Choline chloride 400 150 100 1 600 


aSupplementary trace minerals and vitamins levels required differ according to whether the basal diet is wheat or maize. 
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Table A2.11 Feeding standards for horses 
11.1 Daily requirement of horses of 400 kg mature weight 


Weight Gain/milk Vitamin A 
(kg) (kg/day) DE(MJ) CP(g) Lysine(g) Ca(g) P(g) Mg(g) K (g) (iu) 


Mature horses? 


Minimum 400 51 432 19 16 11 6 20 12000 

Average 400 56 504 22 16 11 6 20 12000 

Elevated 400 61 576 25 16 11 6 20 12000 
Stallions 

Non-breeding 400 61 576 25 16 11 6 20 12000 

Breeding 400 73 631 27 24 14 8 23 18 000 
Pregnant mares 

9 months 427 0.33 64 637 27 29 21 6 21 26400 

10 months 439 0.42 68 673 29 29 21 6 21 26400 

11 months 453 0.52 72 714 31 29 21 6 21 26400 
Lactating mares 

1 month 400 13.0 106 1228 68 47 31 9 38 26400 

3 months 400 12.0 103 1174 64 45 29 9 37 26400 

6 months 400 8.7 91 1012 54 30 19 7 27 26400 
Working horses? 

Light work 400 67 559 24 24 14 8 23 18 000 

Moderate work 400 78 614 26 28 17 9 26 18000 

Heavy work 400 89 689 30 32 23 12 31 18000 

Very heavy work 400 115 804 35 32 23 12 42 18000 
Growing horses 

6 months 173 0.58 52 541 23 31 17 3 10 8 000 

12 months 257 0.36 63 677 29 30 17 4 14 12000 

18 months 310 0.23 64 639 28 30 17 5 16 14000 

24 months 343 0.14 63 616 29 29 16 5 18 16000 


a Minimum maintenance applies to adult horses with sedentary lifestyle; average maintenance applies to adult horses with alert 
temperaments and moderate voluntary activity; and elevated maintenance applies to adult horses with a nervous temperament or 
high voluntary activity. 
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Table A2.11 (cont.) 
11.2 Daily requirements of horses of 500 kg mature weight 


Weight Gain/milk Vitamin A 
(kg) (kg/day) DE(MJ) CP(g) Lysine(g) Ca(g) P(g) Mg (g) K (g) (iu) 


Mature horses* 


Minimum 500 64 540 23 20 14 8 25 15000 

Average 500 70 630 27 20 14 8 25 15000 

Elevated 500 76 720 31 20 14 8 25 15000 
Stallions 

Non-breeding 500 76 720 31 20 14 8 25 15000 

Breeding 500 91 789 34 30 18 10 29 22500 
Pregnant mares 

9 months 534 0.41 80 797 34 36 26 8 26 30000 

10 months 548 0.52 85 841 36 36 26 8 26 30000 

11 months 566 0.65 90 893 38 36 26 8 26 30000 
Lactating mares 

1 month 500 16.3 133 1535 85 59 38 11 48 30000 

3 months 500 15.0 128 1468 80 56 36 11 46 30000 

6 months 500 10.9 114 1265 67 37 -23 9 34 30000 
Working horses? 

Light work 500 84 699 30 30 18 10 29 22500 

Moderate work 500 97 768 33 35 21 12 32 22500 

Heavy work 500 111 862 37 40 29 15 39 22500 

Very heavy work 500 144 1004 43 40 29 15 53 22500 
Growing horses 

6 months 216 0.72 65 676 29 39 22 4 13 10 000 

12 months 321 0.45 79 846 36 38 21 5 17 14500 

18 months 387 0.29 80 799 34 37 21 6 20 17400 

24 months 429 0.18 78 770 33 37 20 7 22 19300 


a Minimum maintenance applies to adult horses with sedentary lifestyle; average maintenance applies to adult horses with alert 
temperaments and moderate voluntary activity; and elevated maintenance applies to adult horses with a nervous temperament or 
high voluntary activity. 
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Table A2.11 (cont.) 
11.3 Daily requirements of horses of 600 kg mature weight 


Weight Gain/milk Vitamin A 
(kg) (kg/day) DE(MJ) CP(g) Lysine(g) Ca(g) P(g) Mg (g) K (g) (iu) 


Mature horses? 


Minimum 600 76 648 28 24 17 9 30 18000 

Average 600 84 756 33 24 17 9 30 18000 

Elevated 600 91 864 37 24 17 9 30 18000 
Stallions 

Non-breeding 600 91 864 37 24 17 9 30 18000 

Breeding 600 109 947 41 36 22 11 34 27000 
Pregnant mares 

9 months 641 0.49 97 956 41 43 32 9 31 36000 

10 months 658 0.63 101 1009 43 4 32 9 31 36000 

11 months 679 0.78 108 1072 46 43 32 9 31 36000 
Lactating mares 

1 month 600 20.0 159 1842 102 71 46 13 57 36000 

3 months 600 18.0 154 1761 96 67 43 13 5 36000 

6 months 600 13.0 137 1518 80 45 28 11 41 36000 
Working horses? 

Light work 600 100 839 36 36 22 11 34 27000 

Moderate work 600 117 921 37 42 25 14 38 27000 

Heavy work 600 134 1034 45 48 35 18 47 27000 

Very heavy work 600 173 1205 52 4 35 18 64 27000 
Growing horses 

6 months 259 0.87 78 811 35 46 26 5 16 11700 

12 months 385 0.54 94 1015 44 4 25 7 21 17300 

18 months 465 0.34 97 959 41 4 25 7 24 20900 

24 months 515 0.22 94 924 40 4 24 8 26 23200 


a Minimum maintenance applies to adult horses with sedentary lifestyle; average maintenance applies to adult horses with alert 
temperaments and moderate voluntary activity; and elevated maintenance applies to adult horses with a nervous temperament or 
high voluntary activity. 


Þ Examples of the type of regular exercise performed by horses in each category are provided in Chapter 14. 
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Table A2.12 Dietary allowances of horses for sodium, sulphur, trace elements and vitamins 


Maintenance Pregnant and Growing horses Working horses 
lactating mares 
Sodium (g/kg DM) 1.0 1.0 1.0 3.0 
Chlorine (g/kg DM) 4.0 4.0 4.0 7.0 
Sulphur (g/kg DM) 1.5 1.5 1.5 1.5 
Iron (mg/kg DM) 40 50 50 40 
Manganese (mg/kg DM) 40 40 40 40 
Copper (mg/kg DM) 10 10 10 10 
Zinc (mg/kg DM) 40 40 40 40 
Selenium (mg/kg DM) 0.1 0.1 0.1 0.1 
Iodine (mg/kg DM) 0.35 0.35 0.35 0.35 
Cobalt (mg/kg DM) 0.1 0.1 0.1 0.1 
Vitamin A (iu/kg DM) 2000 3000 2000 2000 
Vitamin D (iu/kg DM) 330 330 800 330 
Vitamin E (iu/kg DM 50 80 80 80 
Thiamin (mg/kg DM) 3 3 3 5 
Riboflavin (mg/kg DM) 2 2 2 2 
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Table A2.13 Water allowances for farm animals 
13.1 Cattle and sheep 


kg water/kg DM intake 
Environmental temperature (°C) 


<16 16-20 >20 
Cattle 
Calves, up to 6 weeks 7.0 8.0 9.0 
Cattle, growing or adult, pregnant or non-pregnant 5.4 6.1 7.0 
Sheep 
Lambs, up to 4 weeks 4.0 5.0 6.0 
Sheep, growing or adult, non-pregnant 2.0 2.5 3.0 
Ewes, mid-pregnancy, twin-bearing 3.3 4.1 4.9 
Ewes, late pregnancy, twin-bearing 4.4 5.5 6.6 
Ewes, lactating, first month 4.0 5.0 6.0 
Ewes, lactating, second/third month 3.0 3.7 4.5 
13.2 Lactating cows (600 kg liveweight) 
Milk yield (kg/day) Daily water intake (kg/head) 
Environmental temperature (°C) 

<16 16-20 >20 
10 81 92 105 
20 92 104 119 
30 103 116 133 
40 113 128 147 
13.3 Pigs 

Daily water intake (kg/head) 

Growing pigs 1.5-2.0 at 15 kg liveweight, increasing to 6.0 at 90 kg liveweight 
Non-pregnant sows 5.0 
Pregnant sows 5.0-8.0 
Lactating sows 15.0-20.0 
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Table A2.14 Values for metabolic liveweight (W°75) for weights at 10 kg intervals to 690 kg 


Hundreds Tens 
0 10 20 30 40 50 60 70 80 90 

0 0 5.6 9.5 12.8 15.9 18.8 21.6 24.2 26.8 29.2 
100 31.6 34.0 36.3 38.5 40.7 42.9 45.0 47.1 49.1 51.2 
200 53.2 55.2 57.1 59.1 61.0 62.9 64.8 66.6 68.4 70.3 
300 72.1 73.9 75.7 77.4 79.2 80.9 82.6 84.4 86.1 87.8 
400 89.4 91.1 92.8 94.4 96.1 97.7 99.3 100.9 102.6 104.2 
500 105.7 107.3 108.9 110.5 112.0 113.6 115.1 116.7 118.2 119.7 
600 121.2 122.7 124.2 125.7 127.2 128.7 130.2 131.7 133.2 134.6 
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in grass 483 milk composition 441-2 
in intake regulation 462, 474 milk yield 440-1 
metabolism of 175, 193, 197, 198-204, mineral requirements 444 
207, 226-32, 256, 261, 437 protein requirement 443 
in milk 406 goitre 127, 400, 494, 496, 571 
in pregnancy toxaemia 401-2 goitrin 127, 571 
as product of digestion 159, 162, 256 goitrogens 127, 494, 496 
utilisation of Gompertz growth equations 397 
for foetal growth 395-6 gonadotrophic hormones 388 
for maintenance 272, 273 gossypol 568-9 
for production 274-7 Gramineae 28, 481, 486-8, 541-61 
glucose-1-phosphate 21, 230 grass 481-91 
glucose-6-phosphate 21, 199 chemical composition 482-5 
glucosidase 158 dried 275, 276, 526-7 
glucosides 22, 168 vitamins in 527 
glucosinolate 571-2 energy value 290 
glucostatic theory of intake regulation 462 factors influencing nutritive value 485-90 
glucuronates 258 growth pattern 482 
glucuronic acid 22, 29, 100 silage 499-520 
glutamic acid 55, 57, 66, 67, 95, 154, 160, grass sickness 491, 502 
315, 483, 553, 554 grasses, tropical 487-8 
metabolism of 210-15, 502 grazing 
glutamic dehydrogenase 213 animals 345, 462, 472-3 
glutamine 55, 67, 211, 213, 214, 484 continuous 489 
glutathione peroxidase 82-3, 106, 131 energy cost of 290 
glutelin 320, 551, 554 pressure 489 
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grazing — continued 
time 173, 473 
zero 489 
grinding of foods 27, 177, 178, 184, 248-9, 
260, 470, 526, 558-9 
groats 553 
gross energy 255-7 
of milk 415-16, 417, 450, 454 
of silage 511 
gross protein value (GPV) 308, 
314, 565 
groundnut meal 276, 563, 565, 
573-4 
groundnut oil 276 
growth 
coefficient 363 
compensatory 380-1, 471 
composition of gain 362-5 
determinants 364-5 
control of 378-81 
energy requirements for 365-9 
energy utilisation for 274-7 
extra-uterine 399 
feeding standards for 361-73 
mineral and vitamin requirements for 
375-8 
modifying agents 381 
protein requirements for 369-73 
growth curves 361-2 
guanidine 307 
guanine 63-5, 216, 216-17 
guar 563 
Guernsey 410, 413 
gulonolactone oxidase 100 
gums 17, 29 


haem 63, 105, 145, 146 
haemagglutenin 567 
haemoglobin 63, 105, 121, 122, 401, 
490, 496 
haemolytic anaemia 496, 576 
haemosiderin 121 
hair 122, 123, 359, 425, 428, 494 
halibut liver oil 74, 79 
Hammond, J. 362, 364, 379 
hay 238-40, 259, 260, 286, 326, 
521-6, 528 
changes during storage 525 
chemical changes 521-5 
composition and nutritive value - 
comparison 524 
losses 525 
preservatives 526 


heat 
of combustion 255 
of fermentation 272, 275 
increment of foods 261-79, 463 
increment of gestation 398 
loss from body 255-79, 346-54 
production 262-70, 346-54 
stress 110, 353-4, 473 
heating of foods 249, 495, 529, 
580-1, 602 
hemicellulases 510 
hemicelluloses 17, 19, 29, 529 
digestion of 163, 165, 175, 185 
in grass 483, 485 
hen see poultry 
heptoses 16, 17, 20 
herring meal 134, 582 
herring oil 437 
heteroglycans 16, 17, 29 
hexadecanoic acid see palmitic acid 
hexanoic acid see caproic acid 
hexose-phosphate shunt see pentose 
phosphate pathway 
hexoses 16, 17, 20 
hind-gut fermentors 247 
hippuric acid 258 
histamine 66, 502 
histidine 56, 58, 66, 95, 311, 315, 316, 392, 
502, 553, 569 
histones 62 
Hogg, J. 125 
Holcus lanatus see Yorkshire fog 
holoenzyme 145 
holotrichs 174 
Holstein (Friesian) 365, 366, 386, 410, 412, 
413, 416 
homoarginine 307 
homoglycans 16, 17, 26-9 
Hopkins, F. G. 70 
hops 536, 545, 546, 547 
Hordeum sativum see barley 
hormones 
adrenal 50, 402 
growth 379 
gut 161, 463 
metabolic 117, 402, 408, 
462-4 
sex 50, 379, 384-90 
see also individual hormones 
horse 3, 527 
digestion in 159, 167-8, 187, 
559, 598 
energy systems 297-8 


feeding standards 
for lactation 453-6 
for maintenance 356, 360-1 
for reproduction 388-90 
grass sickness 491, 502 
intake regulation 474 
milk fat 407 
protein evaluation 317-18 
requirements 
energy 356, 357, 368-9, 454-5 
minerals 377, 455-6 
protein 360-1, 373, 455 
vitamins 87, 88, 99, 456 
silage dry matter intake 516-17 
vitamin deficiency symptoms 85-6 
Huxley, J. S. 363 
hyaluronic acid 17, 29 
hydrocyanic acid 538 
hydrogen 188 
hydrogen cyanide 23, 570 
hydrogen peroxide 531 
hydrogen sulphide 118, 163 
hydrolases 143 
hydrolysed feather meal 583-4 
hydroperoxide 40-1 
hydroxy-eicosatrienoic acid 39 
hydroxybutyrate 192, 193, 194, 
204-6, 408 
hydroxycholecalciferol 79 
hydroxycobalamin 98 
hydroxyl radical 83 
hydroxylysine 54 
hydroxyproline 54, 62 
Hyparrhenia rufa see Jaragua grass 
hyperketonaemia 402 
hypervitaminosis 100-1 
hypocalcaemia 80, 113, 535 
hypoglycaemia 401 
hypomagnesaemia 119 
hypomagnesaemic tetany 116, 
119-20 
hypothalamus 462-4, 465, 468 
hypoxanthine 213, 214 


ideal protein 316, 370, 379 
apparently digested (ADIP) 316 
ileum 157, 246 
ill thrift 131 
imidazoles 529, 530 
immunoglobulins 170, 395, 604, 605 
in sacco techniques 246 
in vitro techniques 241-3, 486 
indicators (marker substances) 240-1, 321 
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indispensable amino acids 58-9, 216, 329-30 
importance in protein evaluation 311-18, 
370-3 
requirements 370-3, 393, 452 
indole 163 
infertility 77, 114, 389-90, 494 
inhibitors 151-3, 510-11 
inoculants 509-10 
inorganic matter 5 
inosinic acid 213, 214 
inositol 44, 99, 409 
insulin 117, 388, 437, 462 
intake of food see food intake 
international units 76, 79, 82 
intestine 
large 163, 187 
small 157-62, 168, 179, 465, 601, 602 
intrinsic factor 98 
inulin 17, 28 
invertase see sucrase 
iodine 104, 105, 127-8, 496 
absorption 170 
in animal body 127 
deficiency symptoms 127-8 
in eggs 392 
in milk 408 
requirements for 
egg production 390, 394 
maintenance and growth 375 
reproduction 390, 400, 401 
sources 128 
toxicity 128 
iodothyronine deiodinase 106, 131 
ion pumping 261 
Ipomoea batatas see sweet potato 
iron 105, 106, 109, 121-2, 375 
absorption 121, 122, 170 
in animal body 104, 121 
availability 121, 251 
deficiency symptoms 121 
dextran 121 
in eggs 392 
in grass 484 
in milk 408-9 
in pregnancy 398-9, 401 
in proteins 146 
requirement for egg production 394 
sources 122 
toxicity 122 
isobutylidene diurea 182 
isobutyric acid 176 
isocitric acid 196, 200 
isoelectric point 58 
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isoflavones 494 

isokestose 25 

isoleucine 55, 58, 176, 210, 311, 315, 316, 
392, 393, 483 

isomerases 144 

isoprene 50 

isothiocyanates 571, 572-3 

isotopes 251, 268, 270 

Isotrichidae 174 

Italian ryegrass 242, 481, 483, 488 


jacobine 68 

James, W. P. T. 612 

Jaragua grass 487 

Java beans 23 

jejunum 157, 168 

Jersey 119, 410, 412, 413, 416, 472 
joule 194 


kale 86, 127, 496, 497 

Kellner, O. 283, 291, 292, 295, 416 
keratin 62, 373, 374 

kestose 17, 25 

keto acids 194, 508 

ketoglutaric acid 196, 200, 210-15 
ketones 41, 265, 401 

ketoses 169 

ketosis 231, 265, 550, 551, 605 
kilocalorie 194 

Kjeldahl, J. 6, 304 

koilin 165 


L-5-vinyl-2-oxazolidine-2-thione 127, 571 
see also goitrin 
lactalbumin 230-1, 232, 406 
lactase 158, 162, 164 
lactation 277-8, 325, 388, 405-60, 466, 
472 
mineral requirements 430-2 
nutrigenomic effects 440 
tetany 119 
lactic acid 24, 168, 181, 256, 332, 510, 
597, 598 
in gut 176, 559 
in metabolism 142, 154, 163, 164, 201, 
202, 276 
in silage 499, 501-10 
as source of glucose 226-7 
lactic acid bacteria 499-510, 596-8 
lactobacilli 163, 164 
Lactobacillus brevis 501 
Lactobacillus plantarum 501 
lactoglobulin 406, 584, 585 


lactose 17, 24 
digestion of 162, 164, 603 
intolerance 615 
in milk 406, 412, 413, 414, 415, 446, 
449, 584, 585 
synthesis of 230-1, 274 
laminitis 559, 605 
lanolin 47 
lard 37 
large intestine see intestine 
large offspring syndrome (LOS) 391 
lathyrism 576 
Lathyrus sativus 576 
laurel oil 34 
lauric acid 34, 36, 37, 38, 46 
leaching 523 
lead 104 
lean body mass 270, 362 
lecithinases 158, 161, 162 
lecithins 44, 45, 97, 162 
lectins 315, 567, 596, 597 
legume 469 
forages 491-4 
hay 524 
nutritional disorders 493-4, 605 
seeds 576-8 
silage 499 
straw 527, 529 
trees and shrubs 493 
whole crop silage 518 
leptin 60, 463, 464 
Leucaena leucocephala 493, 494, 532 
leucine 55, 58, 161, 176, 210, 217, 311, 
315, 316, 392, 575, 583 
Leuconostoc mesenteroides 501 
leukotrienes 38, 39 
levan 17, 28 
level of feeding 250, 260, 288-90, 426 
Lewis, M. 515, 516 
ligases 144 
lignin 30, 163, 527, 528, 529 
effect on digestibility 19, 175, 247 
in grass 483, 484 
as indicator 240, 241 
lignosulphate 566 
limestone 113, 114 
linamarin 23, 538, 570 
Lind, J. 70 
linoleic acid 32, 35-40, 43, 45, 224, 390, 
437-8, 439 
in cereals 541, 551 
conjugated 437-8, 484, 621-2 
in grasses 484 


in legume seeds 577 
in milk fat 406 
in rumen 182 
linolenic acid 35-40, 43, 439, 621 
in grasses 484 
in legume seeds 577 
in milk fat 406 
in rumen 182 
linseed 37, 40 
cyanogenetic glucosides in 
23, 570 
meal 120, 310, 570-1 
mucilage 29, 570 
oil 34 
lipase 40, 50, 158, 161, 166, 
553, 602 
lipids 5, 32-52, 248 
in cereal grains 541, 543 
classification 32-3 
digestion of 161-2 
in eggs 392 
in grasses 484 
metabolism 194 
synthesis 194 
see also fats 
lipoic acid 99 
lipolysis 40 
lipoproteins 62-3, 194, 437 
in blood 48, 619 
lipostatic theory of intake regulation 463 
listeria 502-3 
Listeriosis 502-3 
lithium 104, 135 
liver 74, 157 
fatty syndrome 96 
importance in metabolism 180, 192-4, 
201, 202-3, 261 
necrosis 573 
secretions 161 
Lolium multiflorum see Italian ryegrass 
Lolium perenne see perennial ryegrass 
losses of nutrients (silage) 505-6 
lotaustralin 23, 538 
lucerne 86, 242, 436, 492, 494, 508 
dried 526, 527 
hay 177, 259, 273, 276, 523, 524 
lupin seed meal 389, 578 
lupinin 578 
lupins 518 
Lupinus spp. 578 
lutein 75 
luteinising hormone 388 
lyases 143-4 
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lysine 54, 56, 59, 62, 66, 161, 170, 210, 
307, 311-18, 502, 587, 604, 616 
in animal protein concentrates 579, 
580-1, 583 
in cereal grains 541, 542, 543, 544, 549, 
551, 553-4, 556, 557 
in eggs 392, 393 
FDNB reactive 314, 315 
in grasses 483 
in hay 525 
as indispensable amino acid 58, 311, 
316-17, 371-3 
in legume seeds 577, 578 
in oilseed meals 567-75 
requirement 
by horse 455 
by pig 370, 371-2, 452 
by poultry 370-1, 393 
in single cell protein 585 
synthesis 220 
lysophosphatidyl choline 182 
lysophospholipase 158 
lysozyme 159 


Macroptilium atropurpureum see siratro 
magnesium 104, 111, 118-20, 197, 216, 344 
absorption 120 
in animal body 118-19 
availability 107, 251 
in cereals 544 
deficiency symptoms 119-20 
in eggs 392 
in enzyme action 146 
in grass 484, 488 
losses from body 251, 376, 443 
in milk 408, 432, 443, 448 
requirement for lactation 455, 456 
sources 120 
tetany 119-20 
Maillard reactions 61, 320, 328, 525, 566 
maintenance 326 
energy requirements 285-8, 346-54, 
392-3, 419-21, 442, 447, 450 
feeding standards 343-61 
mineral and vitamin requirements 375-8 
protein requirements 356-61 
utilisation of energy 272-3, 284, 287, 
297-8 
maize 273, 275, 276, 278, 370 
amino acid composition 330 
by-products 551-3 
grain 92, 259, 310, 541, 542, 543, 547, 
549, 550, 551, 558, 559, 560, 565 
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maize — continued 
silage 330, 499, 507, 518 
starch 186, 436 
straw 527, 528-9 
maize gluten feed 552 
malic acid 176, 189, 200, 203, 212 
malonyl coenzyme A 220, 221 
malonyl-ACP 221-2 
malt culms 536, 545, 546 
maltase 158, 162, 164, 165, 175 
maltose 17, 24-5, 27, 545 
digestion of 162, 175 
as product of digestion 159 
mammary gland 230, 398, 399, 
405-58 
man 
nutrient intakes - world comparison 
613-17 
nutrient requirements 612 
manganese 104, 128-9 
in animal body 128 
in cereals 544 
deficiency symptoms 128-9 
in eggs 392 
in enzyme action 106, 221 
in grass 484, 488 
and reproduction 128, 390 
requirements for egg production 394 
sources 129 
toxicity 129 
mangel 
roots 24, 534 
tops 497 
Manihot esculenta see cassava 
manioc see cassava 
mannans 17, 28, 586, 599 
mannitol 22, 502, 507 
mannose 17, 20, 22, 28, 29, 169 
margarine 42 
markers 184, 270, 325 
mastitis 84, 412 
mat grass 488 
matieres azotés digestibles cheval 
(MADC) 455 
meadow hay 273, 276 
meadowgrass 488 
meat and bone meal 113, 580 
meat by-products 579-80 
meat meal 580 
Medicago sativa see lucerne 
Medicago truncatula 494 
megacalorie 194 
Melilotus albus 87 


melissic acid 46 
menadione 86, 101 
menaquinone 86 
menhaden oil 37 
Merino 366 
metabolic disease 231 
metabolic faecal nitrogen see nitrogen 
metabolic liveweight 347-8, 
466, 471 
metabolisability 284, 285, 288 
metabolisable energy 258-79, 
284-94 
artificially dried forage 526 
cereals 544 
efficiency 282 
Feed into Milk requirements 421 
fermentable (FME) 231, 260, 326, 360, 
369, 514 
hays 524, 525 
horse diets 299-300 
pig diets 299-300 
poultry diets 258-9, 299-300 
prediction 298-9 
requirements for 
egg production 392-3 
growth 368 
maintenance 348-54 
milk production 416-54 
ruminant diets 299-300 
silage 509, 510, 511-13, 517 
straw 528 
systems of rationing 283-300 
utilisation 270-8, 295-6 
associative effects 278 
balance of nutrients 278 
for egg production 277-8 
for growth 274-7 
for heat production 353 
for lactation 277-8, 416-18 
for maintenance 272-3 
wool growth 374-5 
for wool growth 290 
metabolisable protein 331-3, 359-60, 369, 
425-30 
Metabolisable Protein System (UK) 514 
metabolism 192-234 
control of 232-3 
methaemoglobin 490 
methane 173, 176, 178, 184, 187, 243, 
256-61, 265, 347, 512, 547 
and the environment 188-9 
inhibitors 185, 598, 605 
methanol 550 


methionine 55, 95, 97, 117, 118, 164, 217, 
311-17,391 
association with cystine 312, 316, 
370,371 
association with glycine 371 
available 313-14, 316 
in cereal grains 541, 542, 551, 553 
in eggs 392 
in grass 483 
as indispensable amino acid 58, 59 
in protein concentrates 565-8, 
571-84, 587 
requirement by 
pig 452 
poultry 371, 393 
in wool 373, 374 
methylcobalamin 87, 98 
methylmalonyl coenzyme A 99, 203 
methylmalonyl coenzyme A isomerase 231 
micelles 162, 169, 182 
Michaelis-Menten constant 151 
microbial fermentation 168 
microfibrils (of cellulose) 28 
micronisation 249, 558, 559 
middlings 555 
milk 
composition 
chemical 405-10, 412-15, 441-2, 
445-6, 449, 454 
effect of age 413-14 
effect of lactation stage 414, 415 
consumption 614-15 
digestion 164, 185 
fat-reduced 620 
fats 413, 414, 415, 434, 435-40 
fatty acid composition 407 
minerals in 113, 115, 121, 124, 401, 
408-9 
peptides in 59-60 
products 584-5 
protein 310, 439, 565 
requirements for production of 405-58 
taints in 534, 582 
utilisation of energy for production of 
277-8, 286-8, 289-90, 292-4, 
416-18 
vitamins in 409-10, 433-4 
yields 410-12, 423-5, 434, 439-40, 
444-5, 449-50, 453-4 
see also lactation 
milk fever 110, 111, 113, 433 
milk vitamins in 74, 79, 90, 92, 96, 
401, 584 
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millet 542, 557 
mimosine 493, 494 
minerals 103-36 
absorption 170 
availability 107-8, 251, 376, 432, 444, 
447-8 
body compartments 104 
in cereals 547 
deficiencies 466 
deficiency effects 136 
deficiency symptoms 103-36 
determination 12 
and enzymes 105, 106 
essential, meaning of term 103 
in grass 484-5, 488 
in hay and straw 528 
in legumes 492 
in milk 408-9 
organic complexes 107-9 
requirements for 
egg production 392, 394-5 
lactation 430-2, 444, 447-8, 453, 
455-6 
maintenance and growth 375-7 
summary of roles 136 
supplements 106, 107-9 
in tubers 538 
Mitchell, K. G. 124 
mitochondria 33, 195, 196, 197, 198, 201, 
208, 220, 221, 223 
Mitscherlich relationship 421 
mobile nylon bag technique 
(MNBT) 246-7 
modified acid-detergent fibre (MADF) 
9,299 
moisture, determination 6 
molasses 25, 120, 495, 509, 534, 535, 
536-7, 569, 589 
molasses toxicity 537 
Molinia caerulea see purple moor grass 
molybdenum 104, 106, 123-4, 130 
in animal body 130 
and copper 130 
deficiency symptoms 130 
in enzymes 106, 130 
in grass 484, 488 
in milk 408 
toxicity 124, 130, 390 
monensin 185, 188, 261, 595-6, 605 
monoacylglycerols 40, 143, 161, 162, 182 
monoglycerides see monoacylglycerols 
monoiodotyrosine 127 
monopteroylglutamic acid 95 
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monosaccharides 16, 18-23, 162 

derivatives 20-3 

list 17 

properties 18 

structure 18 
Morant, S. V. 411 
morphine 68 
Morrison, F. B. 283 
mouth, digestion in 157-9 
Mroz, Z. 603 
mucilages 17, 29, 570 
mucin 157, 161, 165 
mucopolysaccharides 133 
mucosal block theory 121 
mulberry heart disease 83 
muscular dystrophy 85 
mycosterols 47, 48 
mycotoxins 490-1, 503-4, 523, 573 
myelin 46, 123 
myopathy 85, 131 
myricyl palmitate 46 
myristic acid 36, 37 
myrosinase 571 


naphthoquinones see vitamin K 
National Research Council (USA) (NRC) 
292, 297, 355, 356, 359, 360, 367, 
368, 369, 377, 418, 428, 431, 433, 
454, 456 
near infrared reflectance spectroscopy 
(NIRS) 13-14, 243, 299, 324, 516 
necrosis of the liver 573 
Neptunia amplexicaulis 132 
net energy 257, 262 
determination 262-70 
requirements for 
growth 366-9 
lactation 416-25, 442-3, 447, 450-1 
maintenance 346, 354-6, 419-21 
wool growth 374 
systems for 282 
horses 297-8 
pigs and poultry 295-6 
ruminants 283-94, 354-6 
value of 
grass 486, 490 
silage 513 
net protein retention (NPR) 308 
net protein utilisation (NPU) 311, 313 
Neurath, H. 61 
neutral cellulase digestibility (NCD) 243 
neutral-detergent fibre (NDF) 8, 243, 247, 
323, 468, 469 


nickel 104, 134 
nicotinamide 87, 90-2, 570 
nicotinamide adenine dinucleotide (NAD) 
87, 91, 142, 145, 193-242 
nicotinamide adenine dinucleotide 
phosphate (NADP) 87, 91, 193-232 
nicotine 68 
nicotinic acid 90, 378, 409 
night blindness 77 
nitrates 67, 181, 320, 484, 490 
nitrites 67, 490, 583 
nitrofurans 595 
nitrogen 188 
balance 266-8, 269, 308-9, 311, 358 
basal loss (BN) 305 
deficiency of 470 
degradable see rumen degradable nitrogen 
endogenous - determination 306-8 
endogenous urinary 305-8, 309, 310, 
358, 374 
exogenous urinary 358 
faecal 305, 309, 310 
isotope (MN) 307 
metabolic faecal 243, 250, 309, 356, 
358, 359 
rumen 325-6 
undegradable see undegradable protein 
urinary 265-8, 309, 310, 356-8 
see also crude protein 
nitrogen-free extractives 6-7 
nitrous oxide 188 
non-glucogenic ratio (NGR) 436 
non-protein nitrogenous (NPN) compounds 
63-8, 181-2, 587-91 
Nordic (Scandinavian) 
energy systems 291, 293 
protein systems 329, 428 
nucleases 161 
nucleic acids 5, 63-5, 162, 175, 
327, 585-6 
nucleosidases 158, 162 
nucleosides 64-5 
nucleotides 64-5, 216 
nutrient requirements 40, 343, 612 


oat 565 
by-products 465, 553-4 
dust 553, 554 
grain 259, 276, 541, 542, 543, 553, 559, 
560, 602 
hay 524 
hulls 553, 554 
naked grain 553 


silage 517-18 
straw 527-8 
oat feed 554 
oat hay poisoning 67 
octadecanoic acid see stearic acid 
octanoic acid see caprylic acid 
oesophageal groove 172, 185 
oesophagus 159, 164, 241, 242, 465 
oestrogens 50, 379, 494, 560 
oil extraction 550, 563-5 
oilseed cakes and meals 563-76 
oleic acid 32, 35, 36, 37, 38, 42, 439, 541 
in milk fat 406 
synthesis of 223-4 
oligo-1,6-glucosidase 158, 162 
oligosaccharides 16, 17, 23-6, 159, 162, 
599-600 
oligotrichs 174 
omasum 172,178 
Onobrychis viciifolia see sainfoin 
opaque-2 (maize) 551 
Ophryoscolecidae 174 
organic acids 5 
food additives 602-4 
organic matter 5 
ornithine 211, 212, 406 
orotic acid 99 
Oryza sativa see rice 
osteomalacia 81, 112-13, 114 
ova 384, 385, 387, 388-9 
Overman O.R. 425 
oxalacetic acid 142-3, 176, 200, 203, 
210-12, 221, 226, 267, 402, 488 
oxalates 170, 251, 497, 575 
oxalic acid 497 
oxalsuccinnic acid 200 
oxidation 
of energy sources 195-213, 264-6 
of fats 40-1, 45 
in hay 523, 525 
in silage 505 
of vitamins 73, 75 
oxidative decarboxylation 88, 89, 198 
oxidative phosphorylation 195-233 
oxidoreductases 142 


palatability 464, 471 

palm kernel meal 569-70 

palmitic acid 36, 37, 208-9, 220-4, 406, 
408, 439 

palmitoleic acid 32, 36, 223-4 

pancreas 146, 157, 158, 161, 165 

pancreatic juice 161 
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pangamic acid 99 
Panicum miliaceum see millet 
pantoic acid 93 
pantothenic acid 87, 93-4, 400, 409, 570 
para-aminobenzoic acid 151-2 
parakeratosis 129 
parasites 473 
parathyroid glands 80, 111, 112, 113 
parathyroid hormone 117 
parotid glands 157 
Partenen, K.H. 603 
partitioning 424 
Paspalum dilatatum 487, 491 
Paspalum scorbiculatum see millet 
passage rate (from rumen) 184, 249, 250, 
325, 491, 494 
passive transport (in absorption) 168 
pasture 43, 481-94 
see also grass 
peas 310, 493, 518, 578 
peat scours 124 
pectic acid 29, 175 
pectic substances 17, 29 
pectin 29, 175 
Pediococcus pentosaceus 501 
pelleting of foods 177, 178, 244-5, 249, 
260, 277, 470, 526, 558, 559-60, 
571, 587 
Pennisetum americanum see millet 
pentanone 41 
pentosanase 602 
pentose phosphate pathway 88, 89, 
201, 202 
pentoses 16, 17, 19, 175, 502 
pepsin 158, 160, 166, 242, 243 
pepsinogen 160, 164 
peptidases 143 
peptide linkage 59, 160, 161, 218 
peptides 59-60, 158, 179, 326 
alimentation 307 
chain formation 219 
elongation 219 
opioid 59 
termination 219 
Peptostreptococci 179 
perennial ryegrass 43, 242, 245, 485, 487, 
488, 490-1, 507, 522, 524 
peristalsis 156-7, 164, 166 
perosis 97, 128 
peroxides 83 
phase feeding 394 
phaseolunatin 576 
Phaseolus spp. 576, 577 
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phenol 41, 163 
phenylalanine 56, 66, 160, 161, 164, 


phosphorylation 
oxidative 195-233 


210,217 substrate level 195 
association with tyrosine 312, 371 phosphoserine 215 
in eggs 392 phosvitin 63 
as indispensable amino acid 58, 311, 316 photosynthesis 3 


phenylethylamine 66 

Phleum pratense see timothy 
phosphatases 106, 158, 162 
phosphatidic acid 44, 224-5 
phosphatidylethanolamines 45 
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dietary electrolyte balance 110 
digestibility measurements with 238 
digestion in 165, 188, 595, 600, 601 
energy 273 
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in milk 406, 412, 413, 414, 415, 
425, 439, 443-4, 447, 449, 
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provitamins 73, 75-6, 79 
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solids-not-fat (SNF) 406, 412, 413, 414, 
415, 416, 434, 584 
somatostatin 379 
sorbitol 22 
sorghum 541, 542, 557, 558 
soya bean 37, 563, 564 
hay 524 
meal 96, 256, 275, 276, 310, 330, 370, 
565, 566-8, 602 
oil 34, 437 
specific gravity of animals 270 
spectroscopy 
atomic absorption 12 
flame emission 12 
inductively coupled plasma emission 12 
near infrared reflectance (NIRS) 13-14, 
243, 299, 324, 516 
nuclear magnetic resonance (NMR) 14 
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succinyl coenzyme A 88, 99, 176, 203-4 
sucrase 24, 158, 162, 164, 165 
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tops 497 
sweet clover disease 87 
sweet potato 534, 539 
Synergistes jonesti 494 


taints 40, 41, 67, 534, 572, 582 
tallow 37 
tannins 186, 248, 328, 570, 576 
condensed 493 
taste 164 
taste buds 157 
taurine 58-9, 162 
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tetrasaccharides 17, 25-6 
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theobromine 575, 576 
thermal equivalent of oxygen 264 
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thermostatic theory of intake regulation 463 
thiamin 73, 87, 88-9, 117, 378, 409, 543, 
555, 570 
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thiaminase 89 
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thumps 121 
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transamination 58, 67, 210, 214 
transferases 118, 142-3 
transferrin 100 
transgalactooligosaccharides 599, 600 
transgenic animals 220 
transmethylation 97 
trefoil 23 
triacylglycerols 32, 34-8, 49, 143, 158, 161, 
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